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ABSTRACT
The hydrodynamic properties of the human semicircular canal
system were studied to determine its dynamic characteristics
and their relationship to observed subjective and objective
vestibular responses to various motion inputs. Four topics
of particular importance in current vestibular research were
examined in detail.
The density, coefficient of expansion, and viscosity of the
labyrinthine fluids, endolymph and perilymph, have been measured
to provide precise values for the coefficients of the dynamic
models. A microviscometer was designed, built, calibrated, and
used to measure the viscosity of 1-2 microliter samples of
endolymph and perilymph. Density measurements were made via
precision balance scales and accurate volume measurements and
coefficients of expansion were made by microscopic measurements
of the volume of the fluids at several temperatures.
The semicircular canal is modelled as a rigid torus of
fluid, with the cupula acting as an elastic and viscous restraint.
A system transfer function is evaluated for cupula displacement
as a function of angular acceleration. It is shown that the
cupula's effective inertia and viscous drag on the wall of the
membranous labyrinth influence the dynamic performance of
the system but do not resolve the disparity between previous
lii
calculations of damping, which only considered hydrodynamic
drag of endolymph in the canalicular duct, and experimentally
measured damping coefficients.
Caloric stimulation of the vestibular apparatus is examined,
and a model is proposed, based on the published measured time
history of the temperature gradient across the lateral canal
when the external auditory meatus is irrigated with water above
or below body temperature. The presence of a thermal gradient
across the lateral canal is shown to produce the physiological
equivalent of an angular acceleration because of the torque
which acts on the endolymph as a result of its thermal coefficient
of expansion. Caloric experiments were performed which attest
to the validity of the model.
The influence of linear acceleration on the semicircular
canals was investigated. Human objective and subjective responses
to rotation about a horizontal axis, to counter-rotation, and to
stimulation by a rotating acceleration vector were examined.
The observed responses of long duration nystagmus and continuous
sensation of rotation are not in conformity with classical
models of the vestibular system and there has developed a
sizable body of experimental evidence which attributes a sig-
nificant portion of these unusual responses to the semicircular
canals. It is shown, through the distensibility of the
canalicular duct under the influence of linear acceleration,
that the observed bias component of nystagmus can be attributed
to a first order nonlinearity of the semicircular canal dynamics.
Experiments were performed on a centrifuge equipped with a
rotating chair to show the relationship between the magnitude
of the acceleration field, the rotation rate of the subject,
and the slow phase velocity of vestibular nystagmus.
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CHAPTER 1
INTRODUCTION
With the advent of space flight and high speed air and
marine vehicles, the desire to utilize man as a major control
and decision element has imposed ever increasing demands on
his sensory systems. It has become necessary to examine in
detail the dynamic properties of these sensory systems and
to establish their fundamental performance limitations, for
only through such knowledge can their behavior outside their
normal physiological environments be understood and, hope-
fully, predicted. Of paramount importance in such an
investigation is the human's motion sensing system, the
vestibular apparatus, for it is a very significant contributor
to man's ability to live and work in unusual motion
environments.
This thesis studies the human vestibular system with
particular emphasis on the dynamic properties of the semi-
circular canals, which have classically been considered as
angular motion sensors. Their dynamic characteristics are
evaluated from their physical properties in the context of a
control theory description of the system, and models for the
system's responses to angular and linear accelerations and
caloric stimulation are presented. The models are examined
in the light of published results of other researchers and
several experiments have been performed to test their
validity.
1.1 Objectives of the Research
The vestibularly induced motion sickness experienced
by three of the Russian cosmonauts during space flight has
stimulated a great deal of vestibular research and experi-
mentation. In the past, subjects have been tested in many
unusual motion environments and their objective and subjec-
tive responses to such stimuli often do not conform to the
predictions of existing vestibular system describing
functions. This thesis is primarily concerned with four
topics of current interest in vestibular physiology in which
existing descriptions of the vestibular apparatus are
inadequate to explain observed experimental results. Each
of these areas of investigation is outlined in the following
sections.
1.1.1 The dynamic response of the semicircular canals to
angular acceleratio± stimulation
A critical review of the literature on vestibular stimu-
lation by angular acceleration shows that there is a large
disparity between the observed dynamic responses of the human
to angular motions and the calculated dynamic responses of
the semicircular canals. The hypothesis of van Egmond, Groen,
and Jongkees (1949) that the objective and subjective
responses of the human to angular acceleration stimulation
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ould be described by a second order differential equation has
been verified by many researchers, and the coefficients of the
equation have been experimentally evaluated. To date, all
attempts to determine analytically the dynamic characteristics
of the angular motion sensors, the semicircular canals, have used
a wide variety of approximations and attributed the damping of
the system to the viscous drag of the endolymph in the semi-
circular canals. Such analyses have shown the damping to inertia
ratio of the system to differ significantly from experimentally
observed values.
In Chapter 3 a detailed fluid dynamic analysis of the semi-
circular canals is carried out in an attempt to resolve the con-
flict between theoretical and experimental results. Unlike
revious analytic evaluations, the influence of cupula inertia
and viscous drag on the membranous ampulla are considered in
addition to the hydrodynamic drag of the endolymph in the can-
alicular duct and are shown to be responsible for only a small
portion of the dynamic response characteristics of the semi-
circular canals. It is concluded that the semicircular canals
do in fact have a higher frequency response than has been
experimentally evaluated.
1.1.2 Physical properties of the labyrinthine fluids,
endolymph and perilymph
The labyrinthine fluids, endolymph and perilymph, are
clear, colorless, relatively invicid fluids with physical
appearances much like water. The total volume of endolymph
in the human labyrinth is only a few microlitres, and the
largest samples that can be obtained from humans are about 2
3
microlitres. The perilymph space is somewhat larger, and
sample sizes up to 5 microlitres or more can be obtained.
The microtechniques that have evolved in the chemical
analysis field have been applied to these fluids, and
several studies have been conducted showing the variations
of their chemical properties with functional disorders of
the labyrinth. However, until recently, no attempt has
been made to measure the physical properties of human
endolymph and perilymph which are required to evaluate the
coefficients of the dynamic performance of the end organs.
To measure viscosity and its variation with temperature,
the author has designed a microviscometer to operate with
1-2 microlitre samples of fluids. The design details and
sample handling techniques associated with this instrument
are the subject of Appendix B, and the measured results of
the viscosity and its variation with temperature, and the
density and coefficient of expansion of human endolymph and
perilymph are presented in table 1 of Appendix A.
The fluids used for these measurements were obtained
through the cooperation of Dr. Herbert Silverstein at the
Massachusetts Eye and Ear Infirmary, from patients under-
going surgery for a membranous labyrinthectomy for unilateral
Meniere's disease. Before the fluids' properties were
measured, a microchemical analysis was conducted to show
that they were in fact normal endolymph and perilymph.
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1.1.3 The dynamic response of the -semicircular canals to
caloric stimulation
Caloric irrigation of the external auditory canal has
been used as a diagnostic tool for clinical evaluation of
vestibular function since the early 1900's. It was hypo-
thesized by Barany in 1906 that the mechanism gf caloric
vestibular stimulation was a convection current of endolymph
in the lateral semicircular canal due to the temperature
gradient across it when -the external canal is irrigated
with water above or below normal body temperature. With
the exception of some preliminary analytic efforts by Schmalz
in 1931, there has been no attempt to develop an analytic
model for vestibular response to caloric stimulation. With
the several significant advances that have been made in the
past decade in the measurements of eye movements and vesti-
bular neuron discharge rates, more refined caloric tests
such as the Hallpike minimum caloric tests, caloric
threshold tests, and small volume ice water stimulations,
are now possible and are often used. Such refinements make
a dynamic model, which can predict vestibular response to
various amplitudes and durations of caloric stimulation, a
useful tool for vestibular research and clinical examinations.
In Chapter 4, the measurements of Cawthorne and Cobb of
the time history of the temperature gradient across the
lateral semicircular canal and the coefficient of expansion
of endolymph, measured by the author, are used to generate
a dynamic model for vestibular response from caloric
5
stimulation. 2 0 4 6 Model predicted responses are compared
to independent published data, and through the cooperation
of Dr. Alfred Weiss at the Massachusetts Eye and Ear
Infirmary, additional caloric experiments were performed to
test further the validity of the model.
1.1.4 Response of the semicircular canals to rotation in
a linear acceleration field
The recent works of Guedry, Benson, Jones, and others
have shown that a continuous nystagmus response is elicited
from humans and animals when they are rotated at a constant
angular velocity in a linear acceleration field that is not
colinear with the axis of rotation.75,8,96 A sinusoidal
component of vestibular nystagmus is observed along with a
steady state bias component of nystagmus. Both components
persist long after the usual response of the semicircular
canal o the initial transient of acceleration and continue
for as long as the subject is rotated at a constant angular
velocity.
Substantial evidence has been collected which attributes
the sinusoidal component of the observed nystagmus to the
stimulation of the utricular otolith by the sinusoidal
component of acceleration which is present in the frontal
(left-right) plane of the subject. However, it has been
shown, by direct neuron recordings from the vestibular stem
in cats, that the bias component of the observed vestibular
nystagmus originates from the semicircular canals. Classical
6
models of the semicircular canals which are based on the
assumption of a rigid canal duct show them to be angular
accelerometers cannot give rise to a steady state cupula
displacement due to constant rotation of the labyrinth
in a linear acceleration field.
In Chapter 5, the influence of linear acceleration
on the flexible canalicular duct is shown to bring about
a distension of the membranous canal due to the differences
in the densities of the duct, the endolymph, and the
perilymph. Rotation of the labyrinth in a linear accelera-
tion field can then generate a "roller pump" action as a
result of the constricted portion of the duct being -"pushed
along" the periphery of the bony canal by the rotating accel-
eration field. In this way the endolymph is pumped toward
the cupula and effects a steady cupula deflection. The
magnitude of the distension of the duct that is required to
produce the observed bias component of nystagmus is calculated.
A model is proposed which quantifies the relationship
between cupula displacement, the magnitude of the accelera-
tion field, and the rate of rotation of the labyrinth. The
model is examined in the light of published data and
additional experiments are performed to evaluate the rotation
rate above which the bias component of nystagmus can no
longer be observed.
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1.2 Application of the Research
The results of this research are applicable to the
fields of physiological research, aerospace medicine and
psychology, and human engineering.
1.2.1 A microviscometer as a research instrument
The microviscometer designed for measurements of the
viscosities of the labyrinthine fluids is a useful tool for
physiological research. Its capability to utilize 1-2
microlitre individual samples makes it particularly useful
in performing correlation studies, compatible with micro-
chemistry techniques, between changes in body fluid charac-
teristics and malfunctions of the associated organs. It has
been noted, for example, that there is some correlation
between various degrees of some forms of deafness and the
viscosity of perilymph, but until now the small volume of
available perilymph has prohibited any quantitative evaluation
of this observation.1 5 5
1.2.2 Applications of mathematical models of the vestibular
apparatus
Mathematical descriptions of the dynamic responses of
the sensory end organs provide researchers with a knowledge
of the sensed motion information that is being transmitted
to the central nervous system.
The proposed model of semicircular canal dynamics is
useful in the field of aerospace medicine and psychology for
it provides an analytic evaluation of the information output
8
,f the canals for acceleration inputs and thus anticipated
mission acceleration profiles can be investigated for situa-
tions which can result in disorientation and vertigo.
Physiological research leans heavily on such analytic
models, for without knowledge of the transduction character-
istics of the sensory end organs, the physiologist is
severely handicapped in his attempt to describe associated
body mechanisms. Control and human engineering research
also demands an analytic description of the motion sensors,
for in many cases the human's ability to control a vehicle
or perform a presecribed task is significantly influenced
by vestibularly received inputs.126,159 In addition, the
model of the dynamic response of the labyrinth to caloric
irrigation is useful for physiological research and more
refined clinical evaluation of functional disorders of the
labyrinth.
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CHAPTER 2
THE ANATOMY AND PHYSIOLOGY OF THE
HUMAN VESTIBULAR SYSTEM
The vestibular system, man's motion sensing center, is
the non-auditory portion of the inner ear. The information
from it is used to assist him in his balance and body
orientation relative to his environment. Considerable physio-
logical research and histological study has been directed
toward the vestibular systeff,,and because of its implications
on man's orientation in space, its properties and functions
are currently under intense investigation.
In this chapter the gross anatomical features of the
non-auditory labyrinth are reviewed. The construction and
function of the utricle are discussed, and a detailed
description of the semicircular canals is given. Finally,
the phenomenon of nystagmus is considered from the viewpoint
of its value as a measure of vestibular stimulation.
2.1 Gross Anatomical Description of the Vestibular
System
The membranous labyrinth is enclosed in a cavity called
the bony labyrinth in the temporal bone of the skull. It is
functionally divided into an auditory transducer called the
cochlea and the vestibular system which contains the organs
10
of equilibrium (fig. 2.1). As components of the vestibular
system, there are three semicircular canals in each labyrinth.
They originate at the utricle and are attached by fibrous
connections to three hollow canals in the bony labyrinth. Two
of the canals, the posterior and the anterior, have a common
duct for about 15% of their length. At one end of each canal
is an expanded section called the ampulla. It contains a
gelatinous, elastically restrained "flapper valve" called the
cupula, which is attached to the crista. The crista is a
raised section of the inner wall of the ampulla and contains
a layer of sensory hair cells which respond to motion of the
cupula.
The utricle occupies the ce-nter portion of the bony
labyrinth called the vestibule. At one end of the utricle is
the utricular macula, an expanded section containing a bed of
sensory cells. On the macula lies the otolith, a gelatinous
substance which contains calcium carbonate grains and is
supported by fibrous connections to the macula.
Attached to the utricle is the saccule, a smaller organ
that is structurally the same as the utricle. However, the
plane of its macula is perpendicular to that of the utricular
macula. The endolymphatic sac is also attached to the utricle
and the saccule and can best be described as the filter for
used endolymph. It has no sensory function. The volume
inside the utricle, the saccule, and the semicircular canals
is filled with a fluid called endolymph, and the remainder of
the volume between the membranous labyrinth and the bony
11
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Fig. 2.1 The Membranous Inner Ear (Ref. 7)
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labyrinth is filled with perilymph.
The orientation of the vestibular system with respect to
the skull is shown in fig. 2.2b, c. The three semicircular
canals of each labyrinth form a near orthogonal set and the
plane of the lateral canals is tilted up from the horizontal
plane by about 300 and intersects the frontal plane in a
line parallel to the lateral axis. The remaining canals are
positioned as shown in fig. 2.2c with the superior canal of
one labyrinth approximately parallel to the posterior canal of
the other.
2.2 The Utricle and the Saccule
The utricular macula and its otolith, as shown schema-
tically in fig. 2.3, are generally considered to be the
linear acceleration sensors of the vestibular system. The
macula is a bed of sensory hair cells upon which rests the
otolith. The utricular macula is approximately a heart
shaped structure with an elevated section at its back edge.
The sensory epithelium of the macula has been studied and the
orientation of its sensory cells has been mapped for some
species of animals. The otolith is a gelatinous substance
with a large number of suspended calcium carbonate grains
called otoconia with a specific gravity of about 2.9 and
ranging in size from 1 to 30 microns. It is suspended over
the macula by supporting cells which allow the otolith to
move over the surface of the macula, under the influence of
inertial acceleration, for a distance of about 0.1 mm. The
13
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Figure 2.2
Orientation of semicircular canals (lateral, L; superior, S;
posterior, P) with respect to the skull.
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sensory hair cells of the macula are thus stimulated by the
movement of the otolith, and they transmit linear accelera-
tion information to the central nervous system.
The macula of the saccule has a structure with striking
similarity to the utricular macula. It too has an otolith
with otoconia and supporting hair cells, and the types and
distribution of its sensory hair cells are similar to those
of the utricular macula. However, whereas researchers have
shown the linear acceleration sensitivity of the utricular
otolith by direct measurement of neural activity in animals,
no such functional response has been observed from the macula
of the saccule. The purpose of this organ is still a subject
for debate with some researchers hypothesizing that it serves
an auditory function, and others, a vestibular function.
In summary, the utricular otolith has been shown to be
a two axis linear accelerometer, with other possible modes of
stimulation, and the saccular otolith is a much studied but
little understood organ. Intense research activity is now
being focused on these organs to clarify their roles as
motion receptors.
2.3 The Semicircular Canals
The human semicircular canals are a set of endolymph
filled canals with origins at the utricular sac, extending
through the canals of the bony labyrinth for about 2/3 of the
circumference of a circle and each terminating on an enlarged
portion of the duct called the ampulla. Within the ampulla
are two structures, the cupula and its base, the crista,
15
0.
S. C. N. L Sp. C.
Figure 2.3
Schematic drawing of a cross section of an otolith and its macula.
o is the Otolith, suspended by strands which run from the
margins to the macula, consisting of supporting
cells (Sp.C.) and sensory cells S.C. Between the
otolith and the macula there is a thin layer (L)
to allow the otolith to slide over the macula.
N is the nerve (ref. 73)
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Figure 2.4
The three semicircular ducts of a guinea pig.
H = horizontal, S = superior, P = posterior (ref.49)
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which contains sensory hair cells from which neural bundles
project toward the central nervous system. The entire structure
is immersed in the perilymph which fills the bony labyrinth.
As background material for the next three chapters, each of
these components will now be considered individually.
The three semicircular ducts of a guinea pig are shown
in the photograph in fig. 2.4, from which the common duct
of the superior and posterior canal, the ampullae of all
three canals, and their entrance into the utricular sac can
clearly be seen. The membranous duct itself is a tissue-
like structure that is only a few cell layers thick and has
an approximately circular cross section in most mammals. In
man it is attached to the bony labyrinth along its outer
periphery. A cross sectional view of the relative dimensions
of the membranous and bony canal ducts is shown in fig. 2.5.
The membranous ampulla, as observed in fig. 2.4, is an
enlarged area at the end of the canalicular duct as it enters
the utricular sac. In man the ampulla is firmly attached by
fibrous connections on all sides, and is thus fixed with
respect to the skull. Within the ampulla is housed the cupula,
a gelatinous substance which acts as a sliding, elastically
restrained valve. When the canal is subjected to angular
acceleration, the inertial reaction of the endolymph moves the
cupula which in turn stimulates the sensory hair cells of the
crista.
Lowenstein et al has shown by injection of india ink
into the endolymph of the semicircular canal of a thornback
18
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Figure 2.5
Cross section of human bony and membranous
lateral canals
(ref. 91)
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ray followed by stimulation of the canal with angular
acceleration that the cupula forms a near hermetic seal at
the wall of the membranous ampulla.l16 The photograph, from
the histological studies of Igarashi, shown in fig. 2.6,
which illustrates the cupula, on its crista in the ampulla
of a squirrel monkey, shows a very close tolerance between
the cupula and the ampulla wall, of the order of a few microns. 9 1
It will be shown in the next chapter that this close tolerance
is responsible for much of the damping of the semicircular
canal dynamics.
The studies of Crampton and others have shown that the
canalicular neurons (of cats) are not significantly stimulated
by linear acceleration and thus that the cupula must be
neutrally buoyant in, and therefore of the same specific
gravity as the endolymph that surrounds it. 4 4
The base of the cupula is attached to the crista and the
sensory cells from the crista's epithelial layer extend their
hairs into the base of the cupula. The majority of sensory
cells in the vestibular system exhibit a frequency modulated
transfer characteristic between the position of their sensory
hairs and the electrical outputs of their attached neurons.
A carrier frequency of about ten action potentials per second
is a typical resting discharge rate for vestibular neurons, and
experiments using micro-manipulators and observation of
cupula displacement have shown an increase in neural discharge
rate for displacement of the cells' sensory hairs in one
direction and a decrease for displacement in the opposite
direction. The question of whether electrical or chemical
20
Figure 2.6
A view of crista-cupula system of the horizontal
semicircular canal from a squirrel monkey (ref.91)
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action is responsible for the transmission between sensory
cells and nerve endings has not yet been resolved, and it is
now one of the most investigated subjects of current vesti-
bular research.
Engstrom, Wersall, and others have identified two basic-
ally different nerve endings on the sensory cells in the
epithelium of the crista-ampullaris. 5 0 ,1 5 7 One such cell has
efferent fibers going to the CNS, and the other has afferent
fibers which appear to come from other sensory cells. As
shown in fig. 2.7, these two nerve endings are different in
the way they make contact with the sensory cell, with one
nerve ending surrounding nearly the entire cell, and the
other simply terminating on the bottom of the sensory cell.
Both nerve endings terminate on sensory cells which have a
bundle of hairs called stereocilia projecting upward from the
cell and one larger stiffer hair called the kinocilium which
is always the longest of the hairs and is always located on one
side of the bundle of stereocilia.
The directional sensitivity of the sensory cells has been
determined by studies of their population densities and the
orientation of their kinocilia in the cristae of the semi-
circular canals. It has been found that in the crista of the
horizontal (.lateral) semicircular canal, the majority of the
kinocilia are always oriented toward the utricle, where as for
the vertical canals (posterior and superior), the majority of the
kinocilia are always oriented away from the utricle. The ex-
perimental results of Lowenstein, Crampton, Jones, and others,
have shown for several species of animals that the flow of
22
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Electrical discharge
Figure 2.7
rate of the hair cells as a function
of displacement of the sensory hairs
(ref. 158)
23
endolymph toward the ampulla (ampullopetal flow) produces an
increase in neural discharge rate and an ampulofugal flow in the
lateral canal produces a decrease in discharge rate. 11 5'4 5' 9 5
The converse is true for the vertical canals. These experiments
have also shown a remarkable linearity between the discharge
rates of the canalicular neurons and the calculated and observed
cupula deflections.
Since cupula deviation corresponds to the direction of
endolymph flow and the sensory hairs are bent in the direction
of the motion of the cupula, it has been concluded that motion
of the stereocilia toward the kinocilium causes an increase in
the discharge rate of the cell and motion away from the kino-
cilium causes a decrease in discharge rate.
In sununary, the transduction characteristics of the
canalicular sensory cells are well established, although the
mechanism is not yet understood. The flow of endolymph brings
about a cupula displacement which in turn stimulates the sensory
hair cells of the crista. The nerve endings of the sensory
cells then transmit electrical signals whose frequency is pro-
portional to cupular displacement to the central nervous system.
2.4 Nystagmus as a measure of Vestibular Stimulation
With the present state of the art, it is not possible to
make direct neural recordings without radical surgery. Thus
such experimentation with humans is out of the question until a
non-destructive technique for recording from neurons is found.
It is necessary, therefore, to use other measures of vestibular
stimulation to indicate the performance of man's motion sensing
system.
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2.4.1
The ability of man to sense his direction of motion and give
a subjective estimate of its relative magnitude is one such
measure of vestibular stimulation. The mechanism for such per-
ception is the processing of vestibularly sensed inputs, and
other proprioceptive and tactile information by the central ner-
vous system which compares them to those previously experienced,
and gives the human an appropriate sensation. This technique
has often been used for determination of threshold sensitivities
to linear and angular accelerations and to measure the relative
phase shift between the sensation of motion and sinusoidal
acceleration stimulation. It suffers from the limitations that
the subjective responses are influenced by the subject's ex-
perience and mental set at the time of the experiment. Further,
there is no direct, continuously recordable indication of sub-
jectively perceived responses.
2.4.2 Vestibular nystagmus - an involuntary eye movement
A more quantitative measure of vestibular stimulation can
be obtained by observation of compensatory eye movements called
nystagmus, in which vestibularly sensed motions produce an in-
voluntary eye motion which drives the eyes toward their initial
direction of gaze. Thus, for a clockwise angular acceleration,
the compensatory mechanism drives the eyes counter clockwise
with respect to the skull. The eyes move with a velocity (slow
phase velocity) approximately proportional to the angular
velocity of the skull until a saccadic, involuntary reflex
mechanism returns them to a new position, after which they
resume their slow phase velocity.
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It has been shown, by direct observation of the cupula in
mammals, that the slow phase velocity of vestibular nystagmus
corresponds to cupula deflection from angular acceleration and
caloric stimulation, and in humans, the slow phase velocity of
vestibular nystagmus corresponds to the cupula displacement as
calculated by the equations of van Egmond, Groen, and
Jongkees 151
In a critical review of experimental data and supplemented
by experiments, Young, et al, has shown that a nystagmus is
generated by linear motion in the frontal (left-right) plane,
and it is thought that this nystagmus results from stimulation
of the utricular otoliths. 1 6 0
2.4.3 The influence of habituation and alertness
A substantial decrease in nystagmus response has been
observed for both man and animals when they are subjected to
repeated acceleration or caloric stimuli, and it has been
shown that subjects have larger nystagmus responses when kept
mentally alert, by such tasks as performing mental arithmetic
than when they are allowed to fall into a state of reverie.
Both of these observed effects usually manifest themselves as
a decrease in the slow phase velocity of the nystagmic response,
and if care is exercised not to use a subject for too many
repeated experiments and an attempt is made to keep the subject
alert, the degeneration in nystagmic responses can be held to
a minimum.
In summary, nystagmus measurements have been shown to be
a quantitative measure of vepltibular stimulation which is re-
lated to the position of the cupulae of the semicircular canals
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and the component of linear acceleration in the frontal plane
of the subject's utricular otolith. Although they are in-
fluenced by habituation and subject mental set, nystagmus re-
cordings provide a continuous objective measure of vestibular
stimulation that is relatively easy to obtain and analyze.
2.4.4 Nystagmus measurement techniques
There are several techniques available for nystagmus
measurements. The four most common methods are:
a) Direct visual observation of eye movements by use of
a Frensel lense is often used for the determination of the
onset of nystagmus, however this technique is of little value
in the determination of the velocity of slow phase nystagmus.
b) The Electro-Oculogram (EOG) measures the differential
corneo-retinal potential as a function of eye movement by
paste-electrodes attached at the outer corners of the eyes.
This technique is very useful in that it can be used either
with eyes open or closed and in a light or dark environment.
Its primary drawbacks are electrode drift and the presence of
"muscle noise" in the recordings.
c) Close up motion pictures of the iris and sclera are
useful for measurements of both eye position and velocity,
although they require a very tedious frame by frame analysis
and are usually only used for measurement of rotary nystagmus
where no other technique is available.
d) The most recent development in eye movement record-
ings is an eye movement monitor which utilizes the differential
reflectivity of the iris and sclera. It uses a self-contained
invisible, pulsed infrared illumination source and phase sensi-
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tive detection of the reflected signal to obtain a ±200
dynamic range for horizontal eye movements. The instrument
response time of one millisecond and high electronic gain make
it a very stable, accurate, and easy to use instrument. One
such device, a Biosystems model SGHV-l eye movement monitor,
was provided by the manufacturer for use in the experimental
portions of this thesis.
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CHAPTER III
THE "RIGID TUBE" DYNAMIC CHARACTERISTICS
OF THE SEMICIRCULAR CANALS
3.1 Introduction
3.1.1
The classic work of Steinhausen in 1931 showed, by direct
observation of the cupula (in the pike), that during angular
accelerations, the interial reaction of the endolymph caused
the cupula to be deflected. Subsequently, van Egmond, Groen
and Jongkees (1949) put forth the theory that the dynamic
nroperties of the semicircular canal could be modelled as a
"torsion pendulum" which could be quantitatively described by
the differential equation
+ +~ c (3.1)
where
0 = moment of inertia of the endolymph
7 = viscous damping torque of endolymph at unit angular
velocity with respect to the skull
A = elastic stiffness, restoring torque per unit angular
deflection of the cupula
= angular deviation of the endolymph with respect to
the skull
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angular velocity of the endolymph with respect to the
skull
angular acceleration of the endolymph with respect
to the skull
a= input angular acceleration along the sensitive axis
of the canal
This differential equation description of cupula deflec-
tion can be put into the context of control theory by applica-
tion of the Laplace transform, from which we obtain:
1(s)21 (3.2)
s + 2 w + w (s + W )(s + W 20 02
where
2 A (3.2a)
O 1 2 0
and
- (3.)b
1,2 2 (3.2b)
where
A 7T
for
A << 7(3.2c)
7'
The numerical value of can be experimentally evaluated by
A
application of impulsive angular accelerations, and can be
evaluated from the subjective responses to sinusoidal angular
accelerations.
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The value of is best determined by the measurement of
the duration of the sensation of motion after an impulsive
acceleration from one constant angular velocity to another.
The time for the cupula to return, under the influence of its
own elasticity, to its minimum perceptible deflection point is
a function of the magnitude of the change in velocity.
Solution of eq. (3.1) subject to the boundary conditions
a(t) = ((O) = 0 and S(c) = V = amplitude of velocity change,
gives
t -it
(t) = V 1 [e - e 0] (3.3)
which under the assumption < reduces to
t
t e (3.4)
Since the time to the cessation of perception corresponds
to the time for the cupula to return to its threshold value of
perception mn, then tn can be evaluated by solving eq. (3.4)
for t when = min, from which we obtain
t =- log [26 V (3.5)
TEmin
Then the slope of the time of after sensation (t n) vs.
log magnitude of step change in velocity plot is 2. Using thisA
technique, and naming the plot as a "subjective cupulogram,"
Van Egmond, Groen, and Jongkees found a value of = 10 for
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the lateral canals in man.151 In a review of the works of
subsequent investigators, Young et al has reported that the
IT
observed values of E range from 8 to 10 for subjective sensa-
tion durations, and from 16 to 20 for nystagmus durations. 6 3
Similar measurements by Meiry on the vertical canals have
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yielded values of 7 sec for subjective sensation durations.A
Because of neuro-muscular delays, central nervous system
computational delays and the attendant problems of measurement
equipment and techniques, there has not been devised an exper-
ITiment to measure U directly. However, it can be calcuated
from eq. (3.2a) and the measured value of w .
By use of a torsion swing and the subjective sensation of
perception of velocity, Van Egmond found the frequency of
angular oscillation for which the cupula displacement lagged
151the applied sinusoidal acceleration by 90* to be w = 1 rad/sec.
At that frequency, the perceived angular velocity corresponds
to the applied angular velocity. This value has since been
verified by many researchers. Thus the natural frequencies
(W1 and w 2 ) of the human lateral semicircular canal have been
assumed to be those measured from the observed subjective
responses:
W = 0.1 rad/sec
)2 IT IT A 10 rad/sec2 0 A e
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or alternatively
- 10 rad/sec
A l(rad/sec) 2
3.1.2
Through various histological studies, the physical
dimensions of the semicircular canals have been measured for
many species, including man. There have been numerous attempts
to evaluate analytically the dynamic sensory capabilities of
these end organs. All such attempts to date have shown an
order of magnitude difference between the calculated and
measured values of For example, the damping to inertia
ratio for a water filled torus with the same internal radius
as the human canalicular duct, 0.14 mm, was calculated by
Jones et al to be 9 5
7T 
-409 200S2pr
where
y = viscosity of fluid
p = density of fluid
g = gravitational constant
r = internal radius
This large disparity between observed and calculated values of
dynamic characteristics has often been attributed to the central
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nervous system. However, from the results of many researchers,
and in particular by a detailed analysis of the neural dis-
charge response obtained by Crampton from Cats, Cappel has
shown that the rates of change of neuron discharge from angular
acceleration conform much more closely to the measured 10
than to the calculated = 200. This evidence indicates that
the end organ itself may display the mechanical dynamic
characteristics that have been measured by objective and sub-
jective responses. Further, the resting discharge rate of
the neurons which connect to the sensory epithelium of the
crista is of the order of 10 action potentials per second,
and it is physiologically unrealistic that such a low frequency
carrier based system would be called on to transmit information
at a 200 rad/sec rate.
3.1.3
The remainder of this chapter is addressed to a detailed
fluid dynamic analysis of the semicircular canal as a rigid
tube structure; the purpose of this analysis is to resolve the
conflict that now exists between theory and practice. The
values of viscosity and density of endolymph that will be used
in this analysis are those measured by the author from
Appendix A. The dynamics of the cupula-endolymph system and
in particular the influences of cupula drag and inertia will
be considered and shown to be significant contributors to the
dynamic characteristics of the end organ.
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3.2 A Physical Model of the Semicircular Canals
A rigorous analytical evaluation of the dynamic sensory
capabilities of the semicircular canals requires the solution
of the classical Navier-Stokes equations of fluid dynamics
for an incompressible fluid subject to the boundary conditions
of zero flow at the inner surface of the membranous canals.
These equations, in cylindrical coordinates, are:
av 3v v av v 2 v
at + r 3r + a - + vz (3.6a)
+2 2
F I + a v r v r v r v -
r F r 2 r 3r -2 23r r r $
2 v a 2V
r2 $ + z 2
a av v av vV av
P[ + V + + v (3.6b)at r r r a r z az
2 2
F 1 ap + -P I + $v V 1 a
=F r + 2 r ar 2 2
arr r 3$
~2r2
2 p 2
r
z + v + V + v (3.6c)
2 2 2
ap 2z 1 avz a 2 z 3 2v z
=Fz + [ + z + 2+ 2
z 3Z r 2 r F r $2 z
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3v v 1 v av
r + - + - + = 0 (3.6d)
ar r r 3$ 3Z
where
th
v = component of velocity of fluid in the n direction
th
F = component of force on fluid in the n direction
n
=p pressure gradient in the n thdietn
r, $, z = cylindrical coordinates
p= density of the fluid
To solve these equations it is necessary to reduce the semi-'
circular canal to a physical model from which the equations
for the boundary conditions can be derived. The simplified
mcdel shown schematically in Fig. 3.1 is obtained from the
physical characteristics of the canals as shown in Figs. 2.1
and 2.6 and was used by Van Egmond, Groen, and Jongkees in
their original torsion pendulum model.151 The following
analyses will utilize this closed torus model with the further
assumptions of incompressible endolymph and rigid canalicular
ducts to calculate the hydrodynamic drag of the endolymph in
the ducts. A more detailed model of the cupula will be intro-
duced from which the influences of cupula viscous drag and
inertia will be calculated.
Examination of eq. (3.6) shows that the inertial accel-
eration forces and the pressure gradient forces on a particle
of fluid are additive. Thus, it is possible to separate
functionally the influence of the cupula and the canalicular
36
r =0.15 cm
Figure 3.1
Schematic diagram of the semicircular canal
(Ref. 51)
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duct on the performance of the semicircular canal. In Fig.
3.2 is presented a system block diagram which provides the
necessary functional separation. The net "inertia-pressure
feedback" force operates on the endolymph in the membranous
duct and results in an average flow of endolymph. The inertia,
drag, and elastic restraint characteristics of the cupula
introduce a differential pressure feedback proportional to the
average flow and flow rate of the endolymph.
The remaining sections of this chapter consider the
hydroiynamic drag of the endolymph in the canalicular duct,
the inertia drag and elasticity of the cupula, and finally
all effects are combined to obtain the semicircular canal
overall performance characteristics.
3.3 The Hydrodynamic Drag of the Endolymph in the
Membranous Canalicular Duct
Histological studies have shown that the effective diameter
of a crossection of the ampullary duct is nearly five times
that of the canalicular duct. Therefore the endolymph con-
tained in the ampullary region of the canal contributes far
less damping to the system than the viscous drag of the
endolymph in the membranous duct. To facilitate the solutions
of eq. (3.6) the ampullary region is assumed not to exist and
the semicircular canal is simplified to a closed rigid torus
filled with a viscid incompressible fluid.
Since eqs. (3.6) are linearly dependent on time, the
solution for the average flow of endolymph 'in the duct, for
any angular acceleration input, can be calculated by application
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Schematic diagram for dynamics of the semicircular canal
Rigid torus
dynamics
of the convolution integral to the solution of the equations
for any known transient input. Thus it is sufficient to solv
eq. (3.6) for the average velocity of flow in a closed torus
as the result of a step input of angular acceleration to
evaluate the hydrodynamic drag of the endolymph in the canali
ular duct.
With the torus at the center of the coordinate frame as
shown in Fig. 3.3, the boundary condition for the flow is
that
v(r,, z, t) =0
for
a2 =z + (r -R)
where
R - a < r R + a
From symmetry conditions:
22= vr(r, $, z, t) = vz(r, 4, z, t) = 0
and
v (r, z, t) v4 (r, z, t)
Since the only forcing functions are an angular acceleration
(F ) and a pressure feedback around the torus (22) then
F =F =0
r z
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Figure 3. 3
Torus placement relative to a cylindrical
coordinate system for calculation of its dynamics
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Under these boundary and symmetry conditions eq. (3.6) reduces
to
2
-P 2 ar (3.7a)r 3
2 23Vv v v a V
P at = F - + 3[ r ar rz2 (3.7b)
Eq. (3.7a) evaluates the radial pressure gradient which
results from the centrifugal force generated by the rotating
fluid, but it is of no value for the determination of
v(r, z, t) which must be found by solution of eq. (3.7b). It
is physically apparent because of the viscosity of the endo-
lymph that for a step input of acceleration of infinite duration
the velocity will reach a constant profile across the tube.
Thus it is reasonable to assume that
v (r, z, t) = v 1 (r, z) + v 2 (r, z, t) (3.8)
where
v 1 (r,z) = -v 2 (r, z, 0)
and
v2(r, z, t) = V2 (r, z, t) 0
for
t +CO
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and let
1 -F = F -- 2
Substituting eq. (3.8) into eq.
3v2 _v =2
(3.7b) yields
2 23 2v I v v 1 a
F + -+ I - + 2'
Sr r 2 z
2 22 v 2  1 3V 2  V 2  22
+ 2 + -
- -2 + 3z3r r
Since eq. (3.9) must be valid for all time and since
3v 2v2(r, z, ao) - (r, z, oo) = 0
we obtain
2
0 = F + +[2
3r 2
v
1
2
r
2
+ V 1
+ 2]
dZ
2
[ 2 r
ar
2
v 2 + a 2 v 2
r 2 z2
(3.10b)
Separation of eq. (3.10b) can be effected by inserting
the solution v 2 (r, t, t) = Rr) Z() T from which we2btn(t)
obtain
p 1 dT = 1 d2R +1 dR
_P T dt -R ~2 r drdr
R 1 d2Z
r 2 zdz2
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(3.8a)
(3.9)
(3.10a)
(3.11)
3V 2
P =at
3v 2
3r
Since eq. (3.11) must be valid for all times and values of z
and r, both sides of the equality must equal the same constant.
Therefore,
1 1 dT = 2
V ;- -A (3. 12a)
where
v = = kinematic viscosity
P
and
Sd2R +1 dR R 1 d2 2
R 2 +r dr 2 Z 2dr r dz
Further separation of (3.12b) yields
2d 2R
dr
d2Zdz
(3.12b)
(3.13a)
(3. 13b)
+ ldR R 2
r d - + A R = 0
r
-BZ
where
A2 = 2 + B
Solution of eqs. (3.12a), (3.13a), and (3.13b) gives
2
A. vt
2rz, t) = -C Z (A r) cos B ze
i=l
(3.14)
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where Z (A.r) is the first order Bessel function, and1 1
2 A 2 +B.A.=A.+Bi 1 1
By recalling from eq. (3.8) that
v 2 (r, z, 0) = -v (r, z)
we obtain
2
-A. Vt
v(r, z, t) = C. Z (A r)* cos (B z) [l-e
i=l1 1 Ar
(3.15)
where
2 A 2 +B
i
The average flow over a cross-section of the canalicular duct
is
a
v(t) = fdr fdt
0
2
00 -X. vt
v(r, z, t) = Dd . D [1-e
Taking the Laplace transform of eq. (3.16) to calculate a
system transfer function we obtain
- . D .
V(s) = D I
c(s) d . T s +1i=1 i
where
T.4
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-(3.16)
(3.17)
-fAW i i~ ilf lIl n iil il m n illil l li n m ~ illli l s l i u u 1a i. & . . .
The dynamic characteristics of the viscous drag of endolymph
can therefore be represented by a parallel sum of first order
lag networks as shown in Fig. 3.4. The coefficients C. and
T . are found by solution of eq. (3.10a) for v 1 (r, t) and then
equating
2CO -A V t
v (r, z) = -v 2 (r, z, 0) IC Z (A r) cos B z e
(3.18)
Multiplying both sides of eq. (3.18) by
Z.i(A ir) cos B r
J ) J
and utilizing the orthogonality relations such as
Z (k) = -Z2 (k)
and integrating both sides of the resultant expression out to
the boundary conditions v 1 (a) = 0, the coefficients can be
calculated by the solution of
a a
fdr fdz Z (Akr)(cos B)k (3.19)
0 0
a a
fdr fdi
0 0
C Z1 (A 1 r) Z l(Akr) cosB Z cosBkZ
Further calculation using "toroidal" coordinates to simplify
introduction of the boundary conditions yields a simplified
approximate solution from which one can evaluate the coeffi-
cients of eq. (3.17).
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Figure 3. 4
System block diagram for the average endolymph velocity (v)
in the canalicular duct from an input F(s)
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For
a = 0.15 mm
V = .852 cp/gm /cm 3
00
D. = 1
i= D
D 1 0.957
D2e 0.035 
(3. 19a)
D a 0.0063
1 11 ~ 2 
-220
1
1
T2 22 1380
1
T =- 2 28403 2
A3
Since the approximation of the semicircular canal as a
closed rigid torus is not strictly true and the coefficients
as calculated can be in error by about 2%, the terms afte.
i = 2 in the expansion of v 2 can be ignored, and since the
2time constant fth 2 exponential is a factor of seven
faster than the first term, the hydromechanical viscous drag
of the canalicular duct can for all practical purposes be
considered a first order lag with a time constant of 1/220
sec.
The gain Dd of Fig. 3.4 as calculated by the evaluation
of v1 for a unit step input of -F is
D = =() a 2 (3.20)d u(t) 8p
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where
p = viscosity of endolymph (in poise)
a = radius of canalicular duct (in cm)
R = large radius of torus
Which, for the human semicircular canal where a = 0.015 cm and
0.852 cp, R = 0.3 cm
Dd - (0.015)2 = 3.3 x 10- (3.20a)
Recall from eq. (3.8a)
F = F -1 pF
where for the derivation of Dd were used the relations
F = p a R and 1 Ap
Thus the system transfer function for the average velocity of
the endolymph in the canalicular duct (in the absence of a
cupula) is given by:
3.3 x 10- ( pR s) - s)(3.20b)vls) 1 p~ R a1s 2TrR(32b
-200s +
where
p = density of endolymph (gm/cm)
R = large radius of the torus (cm)
2
a = input angular acceleration (rad/sec2)
Ap = pressure differential across the cupula
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It now remains to examine in detail the influence of the cupula
on the dynamic characteristics of the semicircular canals.
3.4 The Influence of Cupular Drag, Inertia, and Elasticity
on the Dynamic Responses of the Semicircular Canal
Since the cupula is neutrally buoyant in the endolymph
which surrounds it, many investigators have ignored the effect
of its drag and inertial reaction in calculations of the per-
formance of the semicircular canals. If, however, the cupula
is considered a free body and the torques acting upon it are
summed, then its own dynamic properties can be determined in
terms of its physical characteristics.
The two principal external sources of torque acting on the
cupula and its surrounding endolymph are that caused by the
pressure differential across the ampulla and the inertial
acceleration of the cupula itself. Note that an angular accel-
eration of the endolymph in the duct produces a pressure
gradient torque on the cupula which opposes the inertial
reaction torque of the cupula itself. These externally applied
torques must then be exactly balanced by the torques required
to overcome the drag, inertial reaction and stiffness of the
cupula. From this-we obtain
(M - M ) = J + D 0 + K e (3.21)
p I C c c c
where
Mp = torque on cupula due to a pressure differential across
the ampulla
M, = inertial reaction torque due to an input angular
acceleration a
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Jc = inertia of the cupula and its surrounding endolymph
Dc = viscous drag coefficient of the cupula
K = stiffness of the cupula
From the recent histological studies by Igarashi of the
temporal bones from humans, cats, and squirrel monkeys, the
dimensional characteristics of the membranous labyrinth have
been accurately measured.9 The height, width, and general
shape of the cross section of the crista, the cupula, and the
membranous ampulla have all been evaluated. From this informa-
tion it is apparent that the cupula, crista, ampulla system
can best be modelled as a rigid pie-shaped wedge with a
circular cross section and hinged along its bottom edge at the
crista as shown in Fig. 3.5. From this model the torque terms
of eq. (3.21) can now be evaluated.
3.4.1 'Cupula gain constants and torque inputs
From Fig. 3.5 the gain equivalence between.cupula velocity
and the flow velocity in the canalicular duct can be obtained
by equating the volume of efflux from the duct to the volume
displaced by deviation of the cupula, from which we obtain:
2
c = a- (t) (3.22)SB3
which for the human where a = 0.015 cm and B = 0.06 cm is
C = 7(t) = Rt (3.22a)C
The torque M on the cupula due to a pressure differential
across the ampulla can be computed as the force exerted on the
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cross-sectional area times the moment arm from the pivot point
at the crista to the centroid of the circular cross section
from which obtains
3
M = irB Ap (3.23)C
where
B radius of the cupula's cross-sectional area
Ap = pressure differential
The inertial reaction torque M is given by the relation
M = J ca
C
thus
3(rB Ap - J c) = J 0 + D 0 + KO (3.24)C C C
The coefficients JC, D and K will now be evaluated.
3.4.2 Viscous drag of the cupula
The torque on the cupula as a result of its viscous drag
on the membranous ampulla can be calculated by integration of
the torque on an elemental area at the periphery of the cupula:
M = D e = dM = h'df (3.25a)d c c d
where
h = B[l - cos y]
dF V tdA
dF- AB
v= hO
dt h6
dA =h dy Bd$
53
l '2 7thus (P ~r~
Md uC d$ (l - cos Y)3 dy (3.25b)
M = 5r - D (3.25c)
where
Md = viscous drag torque of the cupula
p = viscosity of endolymph
B = radius of cupula's cross-sectional area
AB = clearance between cupula and membranous ampulla
C = angular velocity of cupula
= angular arc of the cupula in radians
From eq. (3.25c) we obtain
D 5Tr1j$ B (3.26)
3.4.3 The inertial reaction of the cupula
From the model of Fig. 3.5, the cupula and its adjacent
endolymph form a section of torus. The inertia of a torus is
given by
2 32
J = M(R + r )T 4
(3.27)
M = 2 pr2R
where
J = moment of inertia (gm cm2)
R = central radius of torus (cm)
r = duct radius of torus (cm)
p = density of material (gm/cm 3
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The torus formed by rotation of the cupula about its crista
has both radii R and r equal to B,and the central angle
subtended ( ,) is approximately 2 radians. Therefore its
inertia Jc is given by
2 2 3 7 2 7 5
Jc 2a p[2 B 3 ] 72] = 4 BB p (3.28)
3.4.4 Cupular elasticity
Whereas the influence of viscous drag of the cupula-
ampulla interface can be estimated by knowledge of the dimen-
sional characteristics, no such quantitization of cupula
stiffness or elasticity can be calculated. The physical
dimensional measurements that have been made on the cupula
are from various'histological studies; however, no researcher
has yet been successful in removing a cupula either in pieces
or intact from the membranous ampulla and in any way measured
its physical properties. Experiments such as those of Crampton
have shown that the cupula must be neutrally buoyant in the
endolymph because it is not appreciably- influenced by linear
acceleration; those of Lowenstein have shown that it must form
a near hermetic seal at the cupula-ampulla interface, and those
of Van Egmond, et al, have shown that the cupula must have
elasticity because it does return under its own influence to
its center position. 44,72,151
As mentioned above, the effect of cupula elasticity is to
bring about a differential pressure across the canalicular duct
proportional to the displacement of the cupula. By integration
of eq. (3.22a) it is apparent that cupula displacement is in
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turn related to the flow of endolymph into the ampulla.
Therefore the cupula elasticity introduces an integration term
in the pressure feedback to the canal duct. The feedback
gain K represents the elasticity of the cupula and is uncal-
culable for lack of knowledge of the physical characteristics
of the cupula.
3.5 A Dynamic Model for the Semicircular Canals
The influences of the viscous drag of the endolymph in
the canalicular duct and of the inertia, drag and elasticity
of the cupula can now be combined to provide a model for the
dynamic performance of the semicircular canals. Expansion
of the schematic diagram of Fig. 3.2 by implementation of
eqs. (3.8a), (3.17), (3.20b), (3.21), and (3.22) yields a
schematic representation of the cupula endolymph system as
shown in Fig. 3.6.
By use of this model the cupular displacement which
results from angular acceleration stimulation can be calculated
to be
Jc
e (S) D [pR - 7Tc d 21 RB (3.28)
cc ( ) Dd + J 2 DdDc
(T + 2 3)s 2 + 1)s + KD
27T RB 2 7RB
For the human semicircular canals
Dd = 3.3 x 10-3
R = 0.3 cm
B = 0.06 cm
T = .0045 sec1
p = 1 gm/cm3
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Figure 3.6
Schematic model for cupula displacement (6c) resulting
from angular acceleration (a) inputs
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From eq. (3.26)
=B 1.74 x 10-6Dc = 5$ g= B
From eq. (3.28)
7 5 -6 2
Jc 2 r B p 8.6 x 10 gm cm
1 = 7.85 x 10 2
2TT2 RB 3
Each of the terms in the transfer function for c(s)/a(s) can
now be evaluated and the influence of the cupula's character-
istics can be estimated.
The numerator of eq. (3.28) when evaluated for the human
canals is
J
Dd [pR - 02 3 -d 2irf RB3
The reflected inertia of the cupula contributed less than 1%
to this coefficient. The coefficient of the second order
denominator term is
T + 2 3 = 4.5 x 10-3 + 2.22 x 10 -5
1 2 7 RB3220
Here also the inertia of the cupula contributed less than 1%
to the coefficient. The coefficient of the first order term
in the denominator is
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DdDc 4.5 x 10-
6
1+ --- 3=1+ AB2i7 RB
The amount of damping contributed by the viscous drag of the
cupula on the ampulla is then clearly a function of the
separation AB between the ampulla wall and the cupula. The
value of AB can only be estimated from the photomicrograph
slides from histological studies. However, even then the
shrinkage which results from the fixants could have rather
gross effects on the estimates.
From the histological studies of Igarashi, it appears
that the separation AB is of the order of less than 10~4 cm.
Further, it has been shown in animals, by injection of dye
into the endolymph, that the cupula forms a near hermetic
seal to the membranous ampulla. In addition, for such
extremely small dimensions the irregularities of the ampulla
wall might well contribute as much or more damping as the
viscous drag of the endolymph.
In summary, it appears that the drag of the cupula on
its ampulla wall can be a significant contributor to the dynamic
properties of the semicircular canals.
Finally, the constant term in the denominator of eq.
(3.28) is given by the expression
K Dd =3.3 x 10-3 K
Since none of the physical properties of the cupula have been
measured, it is impossible even to estimate the value of K.
By evaluating all of the coefficients of eq. (3.28) and
dividing through by the coefficient of the second order
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denominator term the transfer function for cupular displacement
which results from angular acceleration is
6C(s) 0.22
CE(s) s2 + 220( 1 + 4.5 x 10- 6 )s + .07K
AB
By comparing the denominator to the original equation of Van
Egmond, Groen, and Jongkees
+ + = c (3.1)
we find that
4.5 x10-6 .0 + 220(1 + AB - + .07KG = .22a
Using
OC = RE = 0.3E (3.22a)
+ 220(1 + 4.5AB -6) + .07KE = .73a
Therefore the calculated values of and are
= 220
A
= .07K
for
AB 10 cm
From the previous sections the values of and measured from
objective and subjective responses are approximately 10 rad/sec
and 1 rad respectively.
sec
Thus the calculated damping to inertia ratio for an "ideal"
rigid torus-shaped acceleration sensor with the physical
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dimensions of the human semicircular canals is at least an
order of magnitude higher than the subjective responses indicate.
Further, although the stiffness coefficient of the cupula is
not known, a value of 10 < K < 100 dyne cm/rad is at least a
realistic value for a gelatinous material such as we assume
the cupula to be.
3.6 Summary and Conclusions
The analyses of this chapter have shown that the effects
of the viscous drag of te endolymph in the duct of the
semicircular canals can be accurately represented by a first
order system with a time constant of about 0.05 sec. They
further show that the drag of the cupula on the wall of the
membranous ampulla contributes some additonal damping to the
cupula-endolymph system. It has been shown that the fluid
dynamic characteristics of the human semicircular canals have
an order of magnitude higher frequency response than is
observed from subjective and objective tests of the vestibular
system.
It appears that the observed high frequency responses of
the human semicircular canals are limited more by low carrier
frequency of the vestibular neurons and that the experimentally
measured values of the coefficients and are more a measure
of the response of the vestibular neurons, the "computation
time" of the central nervous system, and neuro-muscular delays
than of the dynamic response characteristics of the semi-
circular canals.
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Further consideration of the semicircular canals as
flexible rather than rigid structures, which would then be
influenced by the pressure variations of the perilymph in
the bony labyrinth, might show the existence. of additional
modes of response. Such nonlinear behavior, if it exists,
would have its influence at low frequencies because of the
larger mass and inertia of the perilymph.
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CHAPTER 4
RESPONSE OF THE SEMICIRCULAR CANALS
TO CALORIC STIMULATION
4.1 Introduction
In 1860 it was found by Brown-Sequard that irrigation of
the external auditory canal caused vertigo and occasional
nausea. It was later shown by Breuer (1889) that caloric
stimulation provoked nystagmus.
Barany, in 1906, proposed that the observed nystagmus
from caloric stimulation was the result of a convection current
of endolymph and a corresponding cupula displacement which
were brought about by the presence of a thermal gradient across
the lateral semicircular canal. This temperature gradient was
effected by irrigation of the external auditory meatus.
Since 1906 an overwhelming body of evidence has been uncovered
by researchers in accord with Barany's convection theory.
Using an optic nystagmographic method, Dohlman (1925)
showed that the slow phase velocity of caloric nystagmus was
related to the difference between the temperature of the water
used for irrigation and the normal body temperature at the
subject's tympanic membrane. The work of Jongkees (1949),
Mittermaier (1954), and Henriksson (1956) and others has
further substantiated this functional relationship.
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The temperature gradient across the lateral semicircular
canal due to caloric irrigation was measured by Dohlman (1925)
in a cadaver and by Cawthorne and Cobb (1954) in anesthetized
human subjects. Although unpredictable factors such as lack
of vasodilation, disruptive surgery, and effects of anesthesia
were present, the results of these experiments are quite
similar and again conform to Barany's proposals. Schmalz,
in 1932, using a mathematical approach, provided descriptions
of the physics of angular and caloric stimulation of the
semicircular canal.
More recently, Bergstedt (1961), using a centrifuge, and
Kellogg and Graybiel (1965), using zero-g parabolic flights,
have shown a direct modulating influence of linear accelera-
tion on the amplitude and duration of caloric nystagmus.
The remainder of this chapter is directed toward the
interpretation of the results of previous investigators in the
context of control systems analysis, and the presentation and
experimental verification of a dynamic model for caloric
stimulation.
4.2 A Dynamic Model for Caloric Stimulation
4.2.1 The thermal gradient across the lateral semicircular
canals
In fig. 4.1, the proximity of the ampullar section of the
lateral semicircular canal to the external auditory canal, and
the proximity of the duct of the lateral canal to the brain
(which is thermally regulated by blood flow) are illustrated.
When the external auditory canal is irrigated at a temperature
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Figure 4.1
Position of lateral semicircular canal
with respect to skull
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which is different from body temperature. The thermal conduc-
tivity of the bone and perilymph of the labyrinth causes a
temperature gradient across the lateral canal. The aforemen-
tioned works of Dohiman and Cawthorne and Cobb measured the
time history of this temperature gradient, and the work of
Cawthorne and Cobb is particularly amenable to interpretation
in the context of a control theory description of vestibular
reaction to caloric stimulation.47,20
The thermal system of the vestibular apparatus is a
spatially distributed system of bone, fluids, tissue, and air.
The membranous labyrinth is totally enclosed in the bony
labyrinth and is surrounded by the perilymph space. It is
possible to describe the thermal system by a distributed para-
meter differential equation. However, the difficulties
involved in formulating the equations of such a spatially
distributed system and giving a reasonably precise representa-
tion of it are not justifiable because a sufficiently accurate
description can be provided by analysis of existing measurement!
It is necessary to point out that the measurements of
Cawthorne and Cobb were carried out on patients during the
operation of membranous labyrinthectomy for Meniere's Disease.
They were under general anesthesia, the lateral canal was
surgically exposed, and miniature thermocouples were inserted
into it. Thus the measurements were affected by surgical dis-
turbance of the perilymph space and suppression of vasodilation
in an unpredictable way. However, on four subjects the results
were consistent, and although marked changes were noted in the
amplitude of the temperature gradient, the form of its time
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variation remained consistent from subject to subject. The
results of their measurements are shown in fig. 4.2.
Although the assumption of system linearity is tenuous,
an approximate dynamic model can be calculated by application
of linear system theory. The model can then be compared to
experimental data for verification of the linearity assumption.
Recall that for a linear system the weighting function
w(t) can be computed from the time history of the output asso-
ciated with a transient input to the system. This can be
effected by implementation of the equations:
t
g(t) = w(t - t) f(T) dT (4.1)
00
where the system transfer function W(s) is given by
-st
W(s) = / w(t) w(t) e dt (4.2)
& 0
g(t) = output of system
f(t) = input to system
w(t) = weighting function (response to a
unit impulse)
For a finite set of n uniformly spaced data points at
intervals k, eq. (4.1) can be written in discrete form:
n
g(n) = w(n - k) f(k) (4.3)
k=O
67
T1  A
- 9-
7
- 3-
f- 5
rne, T. E., and Cobb, W. A.
1956 (reference 20)
I(t) = T
Watel' f'low stops
Cawtho
0M )=AT
60 120 150 240 300 360 (sec.)
Figure 4.2
Time history of temperature across the lateral semicircular canal (AT)
in response to caloric irrigation in the external auditory canal.
The temperature at the tympanic membrane T is also plotted
as a function of time.
t
0o
- 1-
- 0-
from which
n-1
w(n) = o [ g(n) - w(k) f (n - k) ] (4.4)
k=O
Application of eq. (4.4) to the data of fig. 4.2 shows
that the thermal system weighting function for the perilymph,
bone, and labyrinth structure can be approximated by a first
order lag. The system transfer function for the temperature
gradient across the lateral semicircular canal due to an
input temperature at the tympanic membrane is given by:
W (s) = K+ 1)  (4.5)T Ti s + 1
where:
AT = temperature gradient across the lateral semicircular
canal
Ti = temperature at the tympanic membrane (above body
temperature)
T = thermal lag time constant
K = system gain
From a minimum integral squared error fit of the data of
fig. 4.2, the best values of the coefficients are
T = 25 sec
K = 0.1
Fig. 4.3 presents both the measured temperature gradient
and the gradient as computed from the analog model. The cal-
culated response from the first order approximation of the
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system is better than 5% accurate for the first 120 seconds,
and since there was suppression of vasodilation and thus the
return to normal temperature was inhibited, there is con-
siderable doubt about the validity of the measurements after
120 seconds. The variations in the amplitude of the gradient
from subject to subject reflect only a change in the gain
constant K. This variation ranges from 0.02 < K < 0.1 for
the subjects tested.
4.2.2 Torque induced on a thin torus of fluid in a uniform
temperature gradient field
When a thin torus of fluid is simultaneously placed in
an acceleration field and a uniform temperature gradient field,
an angular torque is exerted on the fluid. This torque can
be evaluated by integration of the torque about the center of
the torus on an elemental volume of fluid in the closed ring
of the torus. A temperature gradient, acting through the
coefficient of expansion of the fluid and gravity gives rise
to a force on the elemental volume, from which
2 2x
dM =2 7r wrgR2AT COS
d T 2 .gR(coscos- cos2 0) dO (4.6)
0
f2 r2 R2 9 3
M - 2 r R2 7T AT t COS (4.6a)
where
r = radius of cross-section of canal
R = radius of canal
3 = change in density of fluid with temperature
3T
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g = acceleration due to gravity
ATt = temperature difference across canal
= angle between the plane of the thermal gradient and
the perpendicular to the direction of g
M = torque exerted on fluid
Using the dimensions of the human semicircular canals and the
coefficient of expansion of endolymph from Appendix A
R = 0.3 cm
r = 0,015 cm
-332 = -. 44 x 10 / 0 C
DT
the steady state torque on the endolymph of the human lateral
semicircular canal is
M = 4.0 x 10-8 g cos $ AT t dyne cm. (4.7)
The inertia of a static "thin" torus of fluid, or a ring of
invicid fluid is given by:
I = 2 n 2rz R p (4.8)
Thus the angular acceleration (a) which will produce an
equivalent torque is
M 1 (k.)
a = = (L) g At cos (4.9)
For the human lateral semicircular canal:
a = 20 ATt cos $O/sec 2  (4.10)
Thus the physiological equivalent of an angular acceleration ,
is generated as a result of caloric stimulation at the tympanic
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membrane. The displacement of the cupula of the lateral semi-
circular canal as a result of caloric stimulation can now be
evaluated. As illustrated in fig. 4.4, the temperature input
to the tympanic membrane is transformed into a temperature dif-
ferential across the lateral canal by the thermal inertia and
conductivity of the labyrinth. This temperature differential
interacts with the gravity field and produces an accelerating.
torque on the endolymph. The dynamic response of the semicircular
canals to angular accelerations, as considered in the previous
chapLer, then provides the relationship between cupular dis-
placement and the thermally induced acceleration.
4.2.3 The influence of vasodilation on caloric response
It has been well established that there is a compensatory
mechanism to regulate the temperature of the vestibular appa-
ratus. This is effected by vasodilation which modifies blood
flow to take heat away from or bring heat into the vestibule.
The influence of this compensatory mechanism as it applies to
human vestibular caloric response has been little studied and
virtually no data is available from which to include its
effect into an analytic vestibular model.
It has been shown by Jongkees and others that use of drugs
which influence vasodilation directly affects the duration of
slow phase caloric nystagmus.105 Jongkees has also shown that
caloric nystagmus disappears completely during a 6 minute
irrigation even when ice water is used. 10 4
From what little information is available it appears that
vasodilation has the effect of destroying the temperature
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gradient across the lateral canal during prolonged irrigations
of several minutes, and thus it may be possible to include
its effect in the model as a cascaded lead-lag with a long time
constant of about 3 minutes. However, there are not sufficient
data to justify such a modification, and since most clinical
vestibular tests utilize irrigations of 40 seconds or less and
the total durations of nystagmus are of the order of three
minutes, this effect will not be included in the current model
but rather offered as a suggestion for future research.
It now remains to compare the proposed model with old and
new experimental results to attest to its validity.
4.3 Experimental Verification of Caloric Model
There exists in the literature several sets of experimental
data which attest to the validity of the proposed model. Of
these, a comparative study of thresholds of acceleration to
caloric thresholds, the sensitivity of caloric nystagmus to
linear acceleration, and the time history of slow phase velocity
of caloric nystagmus provide the most conclusive comparisons.
Many researchers in the field have investigated the threshold
level for the perception of angular acceleration in man. The
value of this threshold has been measured by many techniques,
some of which apply to the problem at hand. The physiological
reasons for this threshold are still a subject of debate with
some researchers arguing that it results from computation in the
central nervous system, some arguing in favor of a mechanical
"dead zone" of the cupula, and still others favoring a "neural
hysteresis" explanation. However, since the thermal lag of the
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caloric model of fig. 4.4 is only a function of the physical
properties of the thermal system, then there should be a direct
comparison between the thresholds of caloric and angular accel-
eration perception.
From the measurements of Clark and Stewart, and Meiry, both
of which utilize the forced-choice method of subjective response
and a 75% correct identification of direction of rotation, the
thresholds of angular acceleration for the lateral semi-
2 28,126
circular canal is of the order of 0.15*/sec . ' Therefore,
from the dynamic model of fig. 4.4, the tnreshold for a
constant input of T at the tympanic membrane is given by
_Tamin
i(min) 20 K cos *
Since the range of thermal gain K ccmputed from the data of
Cawthorne and Cobb is 0.02 < K < 0.1, then for subjects whose
K = 0.1
T. = 0.1 0 Ci(min)
For subjects whose K = 0.02
T. . = 0.5*Ci(min)
These results compare favorably with the caloric threshold
measurements of McLeod and Meek who found that 50% of their
tested subjects exhibited a nystagmus response to a forty
second irrigation with a 0.2*C increment above or below normal
body temperature and 75% responded to ±0.5 0 C irrigations.123
It appears that because of the long thermal lag, longer irriga-
tion times would have shown the thresholds to be lower.
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Kellogg and Graybiel have shown the acceleration dependence
of caloric nystagmus by stimulating subjects during a sequence
106
of parabolic zero-g flights. Their results show that caloric
nystagmus is suppressed during the zero-g portion and returns
with increased duration and amplitude during the 1.5 to 2.0 g
pullup. Lack of adequate instrumentation did not permit
evaluation of the direct multiplicative effect on nystagmus
that the model predicts. Bergstedt, utilizing caloric tests
with subjects on a centrifuge, has shown a clear, nearly
linear, relationship between the speed of slow phase nystagmus
and linear acceleration for acceleration fields up to 2 g.9
The most conclusive verification of the caloric model
results from comparison of the slow phase velocity of vestibular
nystagmuL, which is, as described in Chapter 2, a reasonable
measure of cupular deflection, to the calculated values of
cupular displacement.
Assuming, as in fig. 4.4, that the dynamic properties of
the semicircular canal are those of the torsion pendulum, and that
therefore the inertia of the fluid ring is considered constant,
then the overall system transfer function from temperature
input to cupular displacement can be written
o (s) 20 K/T T T  Cos #c _ _1 2 3 
-(4.11)
T(s) (s + I/T1 ) (s + l/T2) (s + 1/7 3
The time history of the motion of the cupula for a step
input of caloric stimulation of amplitude T. can be obtained
from the solution of the equation:
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I-i
(t) = A T. I- -1
c s (4.12)
(T L72t3
where
0c(t) = time history of cupular displacement due to a
step input of caloric irrigation
25 sec = thermal lag coefficient
2 = 10 sec = long time constant of lateral canal
S3 = 0.1 sec = short time constant of lateral canal
A = system gain constant
T. = temperature at tympanic membrane (above normal
body temperature)
In fig. 4.5 is presented the normalized calculated
cupular displacement for a 40 second step input of caloric
stimulus and for a step input which decays exponentially
after 40 sec with a 60 sec time constant. The latter input
is a good approximation to the actual stimulation during
caloric irrigation because after the initial 40 sec irrigation
the water flow is stopped and the temperature at the tympanic
membrane returns to normal with a slow exponential decay
rather than a step return.
Of the many published records of the time history of
caloric nystagmus from Jongkees, Henriksson, Collins and others,
the most striking fit of experimental data comes from the
publication of Dohlman in 1925.105,87,30,47 This data is
plotted to a normalized scale in fig. 4.5 along with the- cal-
culated cupular response. The fit of this experimental data
to the calculations from the model attests to the validity of
the principles and assumptions upon which the model is based.
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Figure 4.5
Calculated cupula displacements
for step and step-exponential caloric stimuli
and slow phase nystagmus velocity from caloric irrigation
The "Caloric Latency Product"
4.4.1 Definition and analytic evaluation of "caloric
latency product"
A measure that is often used in evaluation of vestibular
performance is the latency time to the onset of sensation of
motion for a step input of angular acceleration. The rela-
tionship between the amplitude of the stimulus and the latency
time, referred to as the "Muelder Product," results from the
time necessary for the threshoA-d cupular -displacement to be
reached and a vestibular reaction sensed by the subject.
By solving eq. (4.12) for the cupular displacement
resulting from a step input of temperature T. we obtain
o c(t) = A T [1 - B e - B2 e - B 3 (4.13)
o (t) = A T. f(t) (4.14)C
It should now be pqssible to show experimentally, analogous
to the "Muelder Product," that the latency time to the onset
of caloric nystagmus follows the relationship
f(t ) T. = C = constant = 0 - (4.15)min
4.4.2 Experimental verification of "Caloric Latency
Product" (experiment by author)
In an effort to establish the functional relationship
between the latency of caloric nystagmus and the magnitude of
the caloric stimulus, twelve male subjects between the ages
of 20 and 28 were each subjected to a sequence of caloric
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irrigations at 1*C, 3*C, 5*C, and 7*C above and below normal
body temperature (37C) to obtain a total of eight data points
per subject. A random sequence of alternate hot and cold
temperatures was selected for one half of the subjects and
the reverse order was used for the remaining half. Three sub-
jects were discontinued after the first irrigation because
spontaneous nystagmus made their records impossible to read.
Irrigations were performed using the conventional cir-
culating water system to reduce the temperature drop in the
delivery tubes. The water is delivered through a nozzle built
into an aural speculum which is introduced into the meatus
under direct visual observations. The duration of the irriga-
tion was continued until nystagmus was clearly established and
ranged from 20 to 60 seconds.
Nystagmus measurements were performed with an electro-
oculogram (EOG) with subjects'eyes open but blindfolded to
simulate darkness. A 20 minute rest period was allowed
between irrigations to minimize correlation of the responses
by allowing the thermal transients to settle down.
The data was analyzed in an attempt to find the begin-
ning of the first slow phase nystagmus beat. However, the
velocity of the first slow phase nystagmus stroke is generally
smaller than the noise level from muscle noise on the EOG
recordings and therefore it was found to be necessary to use
the first fast or return phase beat to measure the latency
times. Since the return phase of nystagmus presupposes the
existence of a slow phase, the measure latency times will
always be somewhat longer than the actual ones, but they are
the only clearly defined parameter than can be measured.
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Of the nine sets of records that were obtained, the
majority gave results that could easily be read, and a few
of the records were corrupted with high amplitude muscle
noise, occasional saccades, and spontaneous nystagmus beats
and were therefore very difficult to interpret. In fig.
4.6 is presented the latency time vs. magnitude of stimulus
for both hot and cold irrigation for the four subjects whose
records were the most readable. Fig. 4.7 saows the mean
latency times and their standard deviations vs. amplitude of
stimulus for the nine subjects tested. The large deviations
for lower temperatures are to be expected, because small
deviations in either body temperature or irrigation tempera-
ture represent a significant percentage change in stimulus.
For purposes of comparison, in fig. 4.8 are presented a
composite of the subjective latency times of Clark and
Stewart, and Meiry, and the latency times for the onset of
nystagmus from the results of Fluur and Mendel for constant
angular acceleration stimulation. As would be expected, the
caloric latencies are longer, as a result of the additional
thermal lag.
The data presented in fig. 4.7 shows, as predicted by
the model, an approximately hyperbolic relationship between
latency times and strength of stimulus. From previous threshold
and thermal lag considerations, the proposed analytic model
predicts a latency of about 20 sec for a ±3*C stimulus.
From fig. 4.7 the observed latencies for +3*C and -31C
stimuli are 24 sec and 18 sec respectively. Thus the average
of the hot and cold latencies for a 3C stimulus is in
reasonable agreement with the estimated latency.
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The differences in the responses to hot and cold stimuli
have also been observed by other researchers and merit further
investigation. Fitzgerald and Hallpike observed that 80% of
their tests showed cold caloric responses were of longer
duration than those from hot irrigations, and Weiss has noted
a stronger reaction to cold caloric irrigations for younger
subjects (less than 40 years old), whereas for subjects over
40 there is a tendency for stronger caloric reactions to hot
stimuli.52,155 There are several plausible explanations
for this difference in response, two of the most significant
of which will be considered in the following paragraphs.
There exists some experimental evidence which points to
a direct modulating influence of temperature on the spontaneous
activity of the sensory cells. Since the entire bony labyrinth
is elevated (or lowered) in temperature by caloric irrigation,
it is possible that a shift in the spontaneous discharge rate
during irrigation can account for the observed differential
response to hot and cold irrigations. The short term zero-g
tests of Kellogg and Graybiel seem to discount this notion;
however, long duration zero-g space flight experiments are
necessary either to prove or to lay to rest this theory.
Vasodilation could equally well account for the observed
differential response. It may be somewhat easier for the
vascular system to add or remove heat by expanding vesicles
and allowing a higher blood flow rate than it is to contract
them and restrict blood flow. Thus it is possible that
vasodilation has a larger effect on one of the two modes of
caloric irrigation than on the other. This hypothesis could
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be further investigated by consideration of the influence of
several vasodilators and vasoconstrictors on the strength and
duration of hot and cold caloric responses.
In summary, the data presented further substantiate the
previously observed differential response between hot and cold
caloric irrigations. The mean latency times for hot and cold
irrigations and the observed hyperbolic functional relation-
ship between latency times and the magnitude of the caloric
stimulus are in good agreement with the latencies predicted
by the analytic model.
The subjective responses reported by the participants
ranged from giddyness to no sensation to discomfort and various
degrees of sensation of rotation. It was apparent that sub-
jective sensation of rotation was not e good measure of
caloric vestibular stimulation, for although most subjects
did report some sensation of rotation, they found that the
onrush of water in the ear distracted them to the point where
they could not determine when the sensation began. Further,
all subjects reported that the sensation of rotation showed
either its onset or a marked increase in velocity at the
instant the irrigation was terminated. Thus, whereas the
subjective sensation has sometimes been considered to be a
more sensitive measure of vestibular stimulation to angular
acceleration than is nystagmus, the nature of the stimulus and
the unpleasantness of its application make subjective sensations
an unreliable performance index for caloric response.
In conclusion, the proposed system model for caloric
stimulation, which is based on the simple principles of
physics is substantiated.by the experimental data from past
86
and present researchers and by the author's own experiments,
and as such it represents a useful model for estimation of
vestibular responses for different amplitudes, durations, and
profiles of caloric stimulation, so long as they remain within
the physiological bounds from which the model was derived.
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CHAPTER 5
THE RESPONSE OF THE SEMICIRCULAR CANALS TO ROTATION
IN A LINEAR ACCELERATION FIELD
Several of the experiments which have been devised to
sLudy man's vestibular reactions to unusual motion environ-
ments Liave elicited modes of response that cannot be accounted
for by existing physical descriptions or analytic models of
the vestibular system. Of particular importance are the
results of recent experiments which show that rotation of
subjects at a constant angular velocity about a horizontal
longitudinal axis provokes continuous vestibular nystagmus
and subjective sensation of rotation. Classical concepts
of the vestibular sensors predict only a transient nystagmus
response which decays to zero for this stimulus and for con-
stant velocity rotation about any axis. Thus it has become
necessary to re-examine these classical concepts to determine
which receptors are responsible for this mode of stimulation.
In this chapter the experiments which illustrate this
mode of vestibular response are reviewed. It is shown that
the semicircular canals, through "roller pump" action of the
flexible membranous duct, can be stimulated by constant
rotation in a linear acceleration field. An analytic model,
based on roller pump action, is proposed andexperiments are
performed to evaluate its undetermined coefficients.
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5.1 Vestibular Responses to Constant Rotation in a
Linear Acceleration Field
It has been found by Benson, Bodin, and Guedry that a
continuous nystagmus results from constant velocity rotation
of human experimental subjects about a horizontal longitudinal
axis.8,75 As illustrated in fig. 5.1, the slow phase velocity
of the observed nystagmus has a steady state bias component
and a sinusoidal component with its frequency at the rate of
rotation. Hixon has observed that head over heels rotation
provokes a prolonged vertical nystagmus and the dynamic
counterrolling data of Kellogg shows both bias and sinusoidal
components of rotary nystagmus.8,107 Further, Guedry has
shown that such a response is either not elicited or sub-
stantially reduced for labyrinthine defective subjects. 80
Money, using a counter-rotating platform, has recorded
similar nystagmus from humans, normal cats, and cats without
utricular function, and he has shown that the phenomenon is
not observed in cats with plugged canals.1 3 6
Crampton has shown by recordings from the vestibular
nucleus in cats that linear acceleration does not modify
cupular deflection and has suggested that the bias and the
sinusoidal components of nystagmus recorded by the afore-
mentioned researchers are functionally separate.44
More recently, Jones, and Jones, Guedry, and Benson have
recorded from cells of the vestibular projection in cats. 1 02
By using angular and linear acceleration tests they have
identified neurons which respond only to angular accelerations
and are thus assumed to be from the semicircular canals.
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When these canalicular neurons are stimulated by a counter-
rotating motion, which in effect is stimulation by a rotating
linear acceleration vector, they exhibit a steady state
increase in discharge rate for one direction of counter-
rotation and a decreased rate for counter-rotation in the
opposite direction. There is very little cyclicity in the
discharge rates of these neurons which further substantiates
Crampton's findings that the cupula is not displaced by
linear accelerations.
The influence of linear acceleration on nystagmus has
been studied by Guedry, Niven, Hixon, Graybiel, Lansberg,
Mayne, and Meiry and Young. 8 0 9 0 6 3 1 1 0 1 2 6 11 6 0 1' 6 1  Their
works show that acceleration in the saggital (fore-aft) plane
produces no horizontal or vertical nystagmus, but that frontal
(left-right) oscillation provokes horizontal nystagmus
(L-nystagmus). The horizontal axis rotation experiments of
Benson and Bodin, and Guedry both confirm that the peak
velocities of the observed sinusoidal component of slow phase
8,75
nystagmus occur at the 'right and left ear down positions.8 '
Further, Kellogg's counterrolling data also shows that the
peaks of the slow phase velocity of rotary nystagmus occur
at the left and right ear down positions where the subject has
the full one g acceleration acting along his frontal (left-
right) axis. 107
In summary, the evidence is strong that the observed
sinusoidal component of nystagmus results from utricular recep-
tion of the sinusoidal component of acceleration that is
present in the subject's frontal plane as a result of rotation
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Figure 5.1
Slow phase velocity of vestibular nystagmus from
constant velocity rotation about vertical
and horizontal axes.
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in a linear acceleration field. It corresponds to the "L
nystagmus"identified by Young et al. However, the bias com-
ponent of nystagmus that is evident at rotation rates below
16010 rpm appears to be canalicular in origin. It is now
necessary to reconsider the classical concept that the semi-
circular canals are exclusively angular accelerometers which,
after the initial acceleration transient has subsided, would
give no output for constant angular velocity about any axis.
5.2 The Flexible Nature of the Semicircular Canals
From histological studies by Igarashi and the observations
of Engstrom and others, it is apparent that the duct of the
membranous canal is attached by fibrous connections along its
outer periphery to the bony canal. 91 ' 4 9 However, the inner
periphery is relatively unattached and flexible, and Money
has shown for pigeons that the duct is denser than either the
endolymph or perilymph that surrounds it.133 Under the in-
fluence of pure angular acceleration about an axis in the
direction of the gravity field, the duct flexibility and
density will have no significant consequences. However, if
the gravity field is not colinear with the axis of rotation,
a component of it will act upon the mass unbalance and can
produce a movement of endolymph within the duct.
5.3 The Flexible Torus as a "Roller Pump"
A flexible duct immersed in an containing an incompressible
fluid will be distended by the influence of a linear acceleration
if its density is different from the fluid, and a density
difference between the interior and exterior fluids will further
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accentuate this distension. As shown in fig. 5.2, a flexible
circular duct which is attached along its outer periphery to
a rigid structure and is denser than the fluid surrounding it
will have a constricted cross sectional area where the accel-
eration field pushes it against its support, and it will be
expanded where the acceleration pushes it away from its support.
Further, as also illustrated in fig. 5.2, if the linear
acceleration vector a is slowly rotated at a constant angular
velocity w, the constriction will move along the outer peri-
phery of the duct in phase with the rotation of the accelera-
tion vector. The effect of the moving constriction is then
to move or pump the fluid in the duct in the direction of the
rotation. This pumping action works against the viscosity
and inertia of the fluid,and at high angular rotation rates
the fluid that is being pushed by the moving constriction
cannot be displaced fast enough and thereby builds up a
pressure gradient which expands the duct toward a uniform
circular cross section. Thus, for high angular rotation
rates of the linear acceleration vector, the mass of the fluid
acts as a hydromechanical filter which reduces the duct
constriction and along with it the pumping action of the
flexible tube.
For a flexible tube with an elastic flow restraint such
as the cupula of the semicircular canals, the fluid is ini-
tially pumped against and displaces the elastic restraint
which then produces a pressure differential across the tube.
A static equilibrium state is then reached where the displaced
elastic restraint provides sufficient pressure feedback to
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Illustration of the pumping action of the distended
duct when the linear acceleration field
is rotated at a uniform angular
velocity
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inhibit further flow. Thus, for a constant velocity of
rotation in a linear acceleration field, a constant cupula
displacement can be maintained by this flexible roller pump
action.
5.4 A Model for Canalicular Response to Rotating Linear
Acceleration Stimulation
For constant rotation of the semicircular canals the
steady state displacement of the elastic cupula provides a
pressure differential across the cupula which inhibits further
flow. All of the fluid displaced by.the moving constriction
must therefore flow back through the constriction, and the
pressure drop of this "back flow" must exactly balance that
caused by the displaced cupula.
A
The average velocity V( c) of the backflow is given by
A
the equation
Ac (A - Ac) w R (5.1)
A A
where
A = cross sectional area of the unrestricted portion of
the duct
Ac cross sectional area of the constricted portion of
the duct
w = rotation rate of the linear acceleration vector
R = radius of the torus
The static pressure differential Ap which can maintain
an average flow of endolymph can be calculated from the fluid
dynamic analysis of Chapter 3 to be:
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A
A 2DR -_c (5.2)D A'
where
2
D = a (3.20)
d 8i
From equations (5.1) and (5.2) the cupular pressure
differential Ap that a rotating constriction can maintain
is
A16 iT j (1 0 2
AP = 2 T) A R (5.3)
Further, it was also found from the derivations of
Chapter 3 that a pressure differential Ap across the membranous
duct produces a cupular response which is related to angular
acceleration stimulation, a, by the equation
2
Ap = 2 i R p a (5.4)
From equations (5.3) and (5.4) we obtain the relationship
between the rate of angular rotation, the magnitude of the
duct restriction and the equivalent constant angular accelera-
tion that would produce the same steady state cupular dis-
placement in a one-g acceleration field
A
a = 8 ' w (1 _ C) (5.5)
equiv a 2 p G A
For the human semicircular canals where
a = 0.015 cm
R = 0.3 cm
p = 1 gm/cm3
p = 0.0085 poise
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we can evaluate:
A
Xequiv 2 0.3 (1 w rad/sec (5.5a)
To establish the applicability of the roller pump
principle to the semicircular canal the relative magnitudes
of the bias component of slow phase nystagmus from rotation
in a linear acceleration field and the steady state nystagmus
stimulated by constant angular acceleration can now be
compared to determine how large a distension of the duct is
necessary to produce a significant physiological response.
From the data of Guedry, a 6*/sec bias component of
vestibular nystagmus is noted for a 1 rad/sec rotation about
a horizontal longitudinal axis. Several experiments have
shown that such a 6*/sec slow phase velocity would also
result from a 0.6*/sec2 or 0.01 rad/sec2 constant angular
accleatin.80
acceleration.8 Solution of equation (5.5a) for the value
A
of -E when
w = 1 rad/sec
aequiv = 0.01 rad/sec2
gives
A C .97 (5.6)
Which is to say that a mere 3% constriction in duct area, or
correspondingly, a 1.5% contraction of the radius of the
membranous canalicular duct can produce sufficent roller pump
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action to account for the observed bias component of nystagmus
which results from constant rotation at 1 rad/sec in a one-g
acceleration field.
The question of whether or not a 3% constriction in duct
area is a realistic value remains a matter of conjecture.
However, since it has been shown by Money that there is a
density difference of the order of 0.1% between endolymph and
perilymph (in pigeons) and that the duct is more dense than
either fluid, by at least 1%, and since the duct tissue is
only a few cell layers thick and thus quite flexible, it is
at least plausiole that the duct is sufficiently elastic to
permit a 3% constriction in area in the presence of the one-g
linear acceleration field. 1 3 3
The rotation rates w and w2 at which the roller pump
action diminishes is determined by the elasticity and strength
of the fibrous attachments of the duct and is not readily
calculable. However, this cut off frequency can be accounted
for by adjoining to equation (5.5) a second order lag term to
provide for a diminished response at higher rates of rotation.
From which we obtain:
8 A _
equiv a2 P G A (1 + - + W (5.7)
The functional dependence of the equivalent angular
acceleration on the densities of the labyrinthine fluids, the
membranous duct, and the strength and rotation rate of the
acceleration field is illustrated in fig. 5.3. In the
remaining section of this chapter are described a sequence of
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Pe = density of endolymph
p = density of perilymph
Pd = density of membranous canal
a = linear acceleration
A (p p p ) = functional dependence of the duct constrictionc e p a)
on the variables p ep Pd, and a
w = rotation rate of canal in acceleration field
aequiv = constant angular acceleration which will produce
the same stcady state nystagmus response
Figure 5.3
The functional dependence of the flow of endolymph
on the physical properties of the labyrinthine
fluids and membranous ducts and the rotation
rate in a linear acceleration field.
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experiments performed by the author to evaluate experimentally
the cut off frequencies, w 1 and W2'
5.5 Experimental Verification of the Model
5.5.1 Experiments by the author
To investigate the variation: of the bias and the amplitude
of the sinusoidal component of vestibular nystagmus as a function
of rotation rate,.the M.I.T. Instrumentation Laboratory
Precision Centrifuge with a rotating platform at a 32 ft.
radius was fitted with the Man-Vehicle Control Laboratory
rotating chair simulator and six experimental subjects were
rotated at 5, 7.5, 10, 20, 30, and 40 rpm in a 0.3 g horizontal
acceleration field. Nystagmus was measured with eyes open in
the dark by use of a Biosystems, Inc., pulsed-infrared eye
movement monitor. The experimental setup is shown in fig. 5.4.
To minimize the influence of habituation and physical
discomfort, the total rotation times were kept to a minimum.
The subjects were brought up to the desired rotation rate
relative to the boom while the boom was stopped. Nystagmus
recordings were monitored until the acceleration transient
subsided; then the centrifuge room lights were shut off to
eliminate all possible light leaks in the rotating chair.
The eye movement monitors were calibrated, and the subjects
were instructed to look straight ahead. The boom of the
centrifuge was then brought up to speed (5.5 rpm) in about
five seconds, held there for 2 minutes, then returned to
zero. After the nystagmus from deceleration subsided, the
eye movement monitors were again calibrated to insure that no
movement of the glasses had occurred during the run. Lights
100
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Figure 5. 4
Experimental set-up for rotation
in a lateral acceleration field
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were then turned on, and the subject was accelerated to a
different rotation rate. Three data runs were taken at each
sitting, and a rest of at least 20 minutes was allowed between
sittings. The rate and direction of rotation were randomly
ordered for each subject.
5.5.2 Interpretation of experimental results
From the nystagmus recordings the slow phase nystagmus
velocities were calculated and plotted. In fig. 5.5 is shown
a sample nystagmus recording for each of the six rotation rates-
used, and in fig. 5.6 is shown a sample of the slow phase
velocities for each rotation rate. The results show a persistent
sinusoidal component (utricularly sensed) at the period of
rotation for all subjects at all rotation rates. For most sub-
jects a clear bias component (canalicularly sensed) is
observed for 5 and 7.5 rpm and for some it still exists at 10
rpm; however, for 20, 30, and 40 rpm it is not observable in
any of the subjects tested. The amplitude of the sinusoidal
component increases with increasing rates of rotation. The
amplitudes of the bias and the sinusoidal components of
nystagmus are plotted as a function of rotation rate in fig.
5.7, and their mean values and standard deviation range for the
six subjects tested are shown in fig. 5.8. With a sample as
small as six the results of these experiments can hardly be
considered conclusive, and it now remains to compare these
results with those of the aforementioned researchers.
5.5.3 Relationship of the model to experimental results
To compare these results with those of the horizontal
rotation experiments, it is necessary, even though the assumption
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Slow phase nystagmus velocities from rotation in 0.3 g field
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of linearity is tenuous, to normalize the results of the
author's experiments with respect to a one-g gravity field.
In fig. 5.9 and 5.10 the author's normalized results are
plotted along with those of Benson and Guedry. 8,80 The model
predicted bias component is also plotted in fig. 5.9 for-
assumed upper break frequencies of w = w2 = 7.5 rpm.
There are many physiological factors which can account
for the observed disparities in results. The larger amplitudes
of the sinusoidal components observed by the author are very
likely to result from the presence of the one-g vertical bias
acceleration that the centrifuges subjects had,but those
rotated about a horizontal axis did not have. There is a
considerable body of experimental evidence which supports the
theory that the otoliths require a "bias field" to keep
calcium carbonate grains near the macula so that their motions
can excite the sensory epithelia of the macula. Under such a
theory, the presence of the one-g field orthogonal to the
macula would greatly increase the sensitivity of the receptor
in comparison to the horizontal rotation case, where there is
no acceleration field orthogonal to the macula. The results
of this experiment seem to give further support to this theory.
The average bias components as measured by Guedry for 12
subjects at 10 rpm agree precisely with those found by the
author; however, those found by Benson for 8 subjects differ
by about a factor or two.8 0 ,8 Since the experimental set ups
of Guedry and Benson were quite similar, there is no obvious
reason for the discrepancies in their results.
It does appear that the predicted responses from the
"roller pump" model are born out by the data in that at low
107 -
and high rotation rates, the bias component is not observable,
and there is a general shape of measured response that does
conform to the predicted second order system. Further, the
experimental data show that the upper break frequencies, which
we were unable to calculate because of insu.ficient data, are
in the range from 5 to 10 rpm.
In summary, these experiments, which provide a slightly
different vestibular stimulation than the "barbecue spit"
experiments of Guedry and Benson or the "revolution without
rotation" experiments of Money, further verify the hypothesis
that rotation at a constant velocity in a linear acceleration
field does provoke vestibular nystagmus. 8 0 ,8, 1 3 6 The results
of the analysis of this chapter show that a duct area con-
striction of only 3% provides sufficient roller pump action
to generate the observed bias component of nystagmus. And
the upper cut off frequencies w 1 and w 2 were found experimentally
to be in the range between 7.5 and 10 rpm.
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CHAPTER 6
RESULTS, CONCLUSIONS, AND RECOMMENDATIONS
6.1 Results and Conclusions
The objective of this research was to evaluate the
dynamic characteristics of the human semicircular canals by
a detailed examination of their physical properties and to
correlate them with physiological and behavioral data. The
degree to which this objective was realized is outlined as
follows.
6.1.1 Physical properties of labyrinthine fluids
The properties of viscosity, thermal coefficient of
viscosity, density, and thermal coefficient of expansion were
measured for endolymph and perilymph and were used to evaluate
the coefficients of the equations of the dynamic response of
the semicircular canals. These measured properties and the
measurement accuracies are presented in Appendix A.
A microviscometer was designed, built, and calibrated
for use on 1-2 microlitre fluid samples. The design and
operational procedures of the microviscometer and sample
handling techniques are presented in Appendix B.
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6.1.2 Canalicular response to angular acceleration and
rotation in a linear acceleration field
Hydromechanical analysis of the semicircular canals as a
rigid torus filled with fluid and subjected to a constant
angular acceleration showed that the damping to inertia ratio
of the canalicular duct was an order of magnitude higher than
is calculated from the observed objective and subjective
resonses of man to angular accelerations. Investigation of
the influence of viscous drag of the cupula on the membranous
ampulla showed that for the dimensions of the cupula and the
clearance between the cupula and the ampulla that is observed
from histological studies, the cupula drag contributes some
additional damping to the semicircular canals, but that the
hydrodynamic drag of endolymph in the canalicular duct is the
predominant drag term. The effective moment of inertia of
the cupula and the endolymph that surrounds it in the ampulla
is shown to contribute an insignificant increase to the inertia
of the fluid in the duct. The semicircular canals are found
in fact to have an order of magnitude higher frequency response
than is observed from objective and subjective measurements
and this difference is attributed to a combination of low
neural carrier frequency and central nervous system and
neuromuscular lags.
Further examination of-the structure of the membranous
canal duct showed it to be flexible, denser than the surrounding
endolymph and perilymph, and attached by fibrous connections
along its outer periphery to the bony canal. The distension
of the duct under the influence of linear acceleration, which
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acts on the density differences between the duct and the fluids,
was shown to be responsible ror a "roller pump" action when
the canal is rotated about an axis orthogonal to the linear
acceleration field. This roller pump action produces a steady
state cupula deviation in response to a constant rotation in
an acceleration field, and offers a realistic physical explana-
tion for the observed bias component of neural discharge from
cat canalicular neurons when the animals are subjected to
counter-rotating motion. It is shown that less than a 3%/g
constriction in duct cross-sectional area can produce the bias
component of vestibular nystagmus that has been observed in
experiments where the subjects were constantly rotated about
a horizontal longitudinal axis, in the author's experiments
where subjects were rotated about a vertical axis in a
lateral acceleration field by use of a rotating chair mounted
on the boom of a centrifuge, and in the analysis of experiments
showing the bias component of rotary nystagmus observed from
dynamic counterrolling.
This canalicular response to rotation in a linear accelera-
tion field is of some consequence in that it gives the human
a significant vestibular input of the same physiological char-
acter as an angular acceleration. If rotating environments
are to be used for gravity simulation or space station
stabilization, then man's ability to interpret correctly and
adapt to this new vestibular information must be carefully
considered.
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6.1.3 Canalicular response to thermal stimulation
Caloric stimulation was shown to produce the physiological
equivalent of an angular acceleration. A torque is induced
on the endolymph as the result of a temperature gradient across
the lateral semicircular canal when the external auditory
meatus is irrigated with water at a temperature different
from normal body temperature. Analysis of the published
results of previous researchers, who measured the time history
of the temperature gradient across the lateral canal due to
caloric irrigation, produced a system transfer function
description relating the temperature of irrigation to an
equivalent angular acceleration. It is of the form of a
first order lag with a 25 second thermal lag and a gain con-
stant that is consistent with the ratio of the threshold
levels of caloric and angular acceleration stimulations.
The time history of cupula displacement calculated by cas-
cading the thermal lag transfer function with the hydrodynamic
transfer function of the canal was shown to be in close
agreement with the time history of the slow phase velocity
of caloric vestibular nystagmus. Experiments by the author
to evaluate the latency time to the onset of caloric vestibular
nystagmus confirm the computed functional relationship and
show it to be analogous to the Muelder product which relates
the latency time to the onset of subjective sensation of
rotation and the strength of angular acceleration stimulation.
6.1.4 Summary
In summary, the results of this investigation have yielded
new information on the physical properties of the labyrinthine
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fluids. The influences of the inertia and viscous drag of the
cupula, and of the flexible membranous canalicular duct, have
resulted in a new dynamic model for the response of the semi-
circular canals to angular and linear acceleration. Further,
the demonstrated physiological equivalence between caloric
stimulation and angular acceleration now permits inclusion
of caloric stimulation in this description of the sensory
capabilities of the semicircular canals. The new model, as
shown in fig. 6.1, is compatible with available data and shows
the sensitivity of the semicircular canals to angular and
linear accelerations and caloric'stimulation.
6.2 Recommendations for Further Research
From the viewpoint of aerospace medicine and aerospace
engineering there are several areas of vestibular research
which warrant further investigation.
One area of particular importance is the necessity for a
dynamic analysis of the sensing capabilities of the otolith
organs. The characteristics of these sensors which have been
classically considered to be man's linear motion sensors are
not clearly understood, and there is a great deal of specula-
tion and concern over the effects of long term weightlessness
on their performance. Histological and physiological studies
are now in progress to determine their properties and the
time is now appropriate for a detailed analysis of their
physical and dynamic properties.
Several topics for further investigation emerged during
this investigation. These topics lie in the realm of
verifying or supplementing the various topics which were
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considered in this work.
The large disparity between measured and calculated
dynamic characteristics could be further investigated by
detailed examination of the neural recordings and nystagmus
responses from various species of animals. Direct neural
recordings during impulsive stimuli could show occasional
high speed response of the cupula if neurons-with a higher
discharge rate can be found and recorded from.
The thermal transfer function from which one can
evaluate the time history of cupular response from calori-
stimulation can be further investigated by a comparative
study of neuron recordings and nystagmus records from
animals. The thermal impedance of the tympanic membrane
and the surrounding bone and tissue structure must be
evaluated to extend the application of the caloric model to
the "minimum caloric" tests and small volume (30 cc) ice
water injections that are currently being used by some
investigators. Also, long term zero-g caloric experiments
can point out the influence of direct thermal stimulation
of the canalicular neurons.
A critical experiment to test the validity of the
roller pump theory of canalicular stimulation by rotation in
a linear acceleration field is necessary. Since the roller
pump action requires canalicular duct flexibility, rendering
the ducts rigid would be a means to test the principle.
This could possibly be effected by filling the perilymph space
in the bony canal with a fluid which solidifies. Great care
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will have to be taken to insure that the canals are still
functional and that the solidification process is confined
to the perilymph space.
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Block diagram for cupula response to linear and angular
acceleration and caloric stimuli
APPENDIX A
PHYSICAL PROPERTIES OF LABYRINTHINE FLUIDS
A.l. Introduction
The properties of density, coefficient of thermal expan-
sion, viscosity, and thermal coefficient of viscosity have
been measured for human endolymph and perilymph and cat peri-
lymph, and are presented in table 1. Descriptions of the
instruments used for these measurements are given in Appendix-
B.
The human and cat endolymph and perilymph samples were
obtained through the cooperation of the staff at the Massachsetts
Eye and Ear Infirmary', and in particular with the assistance
of Dr. Herbert Silverstein.
A.2. Newtonian Behavior of Human Endolymph
By operation of the microviscometer at two different angles
of inclination (200 and 350) it was found that the viscosities
did not vary appreciably, even though the terminal velocities
of the rolling sphere was nearly doubled. The viscosity was
also measured after setting for one day, and again after one
week, and within the 2% accuracy limitation of the instrument,
no measurable change in viscosity was noted. Thus it appears
that endolymph is not a shear thinning fluid nor does its
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Human
Endolymph
Human
Perilymph
Cat
Perilymph
Measurement
Accuracies
Specif ic
Gravity 1.001.00
Coefficient of
Expansion -4.4X10~ /0 -4. 4X10 /o C -4.4x10 /OC +
-5% -44. 0X10 /OC
Viscosity
(centipoise)
Specific
Viscosity
Temperature
Coefficient
of Viscosity
-2. 3%/oC -2.5%/o .10% -2.0%/oC
Table 1
1.00 1.00
H2
00
.852
1.18
.780.802
1.11
-2% ,722 r
1.08
- 2. 4 1/oo C
viscosity change with "setting time." Further, its chemical
analysis shows a low protein content that is typical of
Newtonian fluids.
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APPENDIX B
INSTRUMENTS USED TO MEASURE THE PHYSICAL PROPERTIES
OF THE LABYRINTHINE FLUIDS
B.l. Viscosity Measurements
A microviscometer was designed, tested, calibrated, and
used to measure the viscosities of 1 pl samples of endolymph
and perilymph at several temperatures near 35 C.
The instrument was designed around the principle of
Flowers' rolling sphere viscometer. Flowers used a sphere in
a closed tube of fluid lying on an inclined plane, and showed
that the viscosity of a fluid measured by this technique to a
first order approximation is given by the equation
K (pB - pF) = A t (pB - pF) (B.1)
where
pB = density of sphere
pF = density of fluid.
v = terminal velocity of sphere in fluid
t = time for ball to travel a fixed distance
K, A = gain constants of the instrument
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Using the analysis of Hershey, it can be shown that the
relative error obtained by ignoring initial acceleration to
terminal velocity, for fluids with a viscosity near that of
water, is of the order of 0.2% for the dimensions of this
instrument. To further improve the accuracy of the measure-
ment of the terminal velocity of the rolling ball, in our
viscometer the velocity is measured over a 1 cm. distance at
the end of the tube, long after terminal velocity has been
reached. One further source of error arises from the variation
of the gain "constant" of the instrument, A, with temirerature.
This variation is taken into account by careful calibration
of the instrument with fluids of known viscosities at several
temperatures.
Description of the Microviscometer
The basic velocity (or time) measurement unit is an epoxy
block with two prefocused miniature lamps which form two 0.020 in.
diameter light beams, and two high speed photo diodes to measure
the time of travel of a 0.010 in. diameter tungsten carbide
sphere in a miniature pipette. A modified five microliter
lambda pipette (0.016 in. inside diameter) containing the sample
is mounted in such a manner that each light beam is broken by
the rolling sphere and the time interval between the interrup-
tions as registered by the amplified outputs of the -photo diodes
is recorded by an external electronic counter. As shown in
figure B.1 an electrically grounded aluminum shield is sandwiched
between the sections of the epoxy block and serves both as an
electrostatic shield for the rolling sphere and as a temperature
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Figure B.l
Close up view of microviscometer
regulator for the sample. The temperature of the aluminum
shield, and thus of the sample, is regulated to an accuracy of
t.1 0 C through power resistors mounted in both halves of the
block and a sensitive calibrated thermistor attached to tie
underside of the shield plate.
The velocity measurement unit is mounted on a hinged in-
clined plane at an angle of twenty degrees from its base and
is provided with an external cable to tilt the platform to
return the ball to the beginning of the tube. The inclined
plane is mounted on a ten inch triangular plate which is pro-
vided with two levels and two micrometer adjustable legs for
leveling. The entire apparatus is confined by an aluminum
covered plexiglass case which improves temperature stability,
and provides a Faraday cage for the elimination of electro-
magnetic pick up. The measurement set up is shown in figure
B.2. In figure B.3 is shown the electronic schematic for the
photo diode amplifier and the temperature control system.
B.2. Sample Handling Technique
Because of the small quantity and volatility of endolymph
and perilymph, extreme care must be exercised in transferring
the samples into the calibrated pipettes. The most successful
technique to date uses mineral oil as a seal for the open end
of the capillary tube, and a ten microliter hypodermic syringe
custom equipped with an 0.008 in. o.d. needle is used to trans-
fer the samples. A four step (alcohol, acetone, ether, air)
cleaning process is used on the tubes and syringe before
reloading a new sample. After loading a sample it is necessary
123
Figure B.2
Viscosity test set up
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to centrifuge it to separate the oil droplets from the sample.
The oil in the open end of the tube provides a barrier which
the sphere cannot penetrate because of its high surface tension
forces.
The sample with its ball and cap is demagnetized to elim-
inate any magnetic forces acting on the ball (which was inserted
into the tube with magnitized tweezers). The sample is then
inserted in the "V" groove in the microviscometer and allowed
fifteen minutes to reach the proper temperature. The syringe
and a section of a calibrated tube with a sphere enclosed are
shown in figure B.4.
B.3. Calibration of Microviscometer
The capillary tubes to be calibrated are cleaned, sealed
at one end with an alcohol burner, then fitted with a clean
sphere. They are then filled with distilled water and a drop
of mineral oil and are centrifuged to eliminate bubbles, and
to separate the oil from the water. A "standard" tube is
sealed at both ends and used as a "calibration reference." The
tubes are then run in the viscometer at the desired temperature
and at least thirty measurements are made to determine the
"gain constant" of the tube-ball assembly. It was found that
for a clean tube the standard deviation of the thirty measure-
ments was approximately 0.2%.
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In calibrating the tube in this manner we are actually
evaluating
ii (H2o)__
A = t (B.2)
t0 (B P 0
Rewriting eq. (B. l) using the above value of A
P t
1 (H2 0) t (pB' ~H 2) (PB PH20 + pH20 PF)
t PHO2- 0 'F
(_ 2_
o B - PH 2 0
Since the specific gravity of tur-gston carbide is (13 ± .1)
then a difference in dersities, between water and the fluid
measured, of 2% contributes less than .2% to the measured value
of P.
For each of the samples measured, the transit times for
thirty repeated measurements showed a standard deviation of from
.2% to .4%. Also, to an accuracy of t2% the densities of the
fluids were indistinguishable from that of water at 35 0 C. Thus
after combining the randomness in the measurement of t and to,
and the possible density error of ±2%, the overall accuracy
(3a) of the instrument is '2%.
B.4. Density Measurement of Labyrinthine Fluids
By weighing a calibrated micropipette when empty, filled
with water, and filled with cat or human endolymph or perilymph,
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it was found, as stated in the last paragraph, that to an
accuracy of ±2%, their densities were the same as water. Since
this accuracy was sufficient for accurate computation of their
viscosities, the more accurate "density gradient column" tech-
nique was not used. These results, although not as precise,
are consistent with the findings of Money who has reported the
snecific gravity of pigeon endolymph and Perilymph to be 1.0033
and 1.0022 respectively.1 3 3
Thermal Coefficient of Expansion
For calculation of the torque on the endolymph due to cal-
oric stimulation, it is necessary to know the change in density
of endolymph due to variations in temperature. For this pur-
pose it is convenient to recall that
vaT p- T (B.3)
where
v = volume
p = density
T = temperature
The coefficient of expan.sion (v) was obtained by mea-
suring the change in length of a 0.500 inch column of fluid
in a glass capillary by a microscope equipped with a micrometer
adjustable with a resolution of 0.05 x 10-3 in. By measuring
the change in length for a 10 0 C change in temperature and
accounting for the expansion of the glass pipette, the coefficient
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of expansion of cat and human endolymph and perilymph was
found to be 4.4 x 10 4/oC ±5%.
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